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Synopsis 


In recent times, disordered systems have generated great interest due to some fascinating problems 
emerging from the study of their electrical, galvanomagnetic, and thermal properties. A disordered 
system, in general, means liquid and amorphous materials, where the atoms are randomly arranged 
without any crystalline structure. The last few dec;ades have witnessed an explosion of experimen- 
tal activities on amorphous alloys because of their large technological applications. Some of the 
important behaviours so far observed are : the Mooij correlation, resistivity minima, resistivity 
saturation at high temperatures, negative temperature dependence of ordinary Hall coefficient in 
non-magnetic alloys, etc. It has now been realised that many of these properties cannot be ex- 
plained in the mould of ordered systems. As a matter of fact, in moderately disordered alloys the 
conduction electrons are no longer nearly free since the mean free path becomes almost comparable 
to the interatomic spacing. The value of electrical resistivity is a measure of the disorder in any 
alloy. Disorder in any material can exist in varying degrees, ranging from a few impurities in an 
otherwise perfectly crystalline host to the strongly disordered alloys or glassy structures. 

Till now, most of the studies in disordered materials involved amorphous alloys where the elec- 
trical resistivity is of the order of ( 1 00-200) On the other hand, crystalline alloys are usually 

considered to be more ordered than amorphous alloys. In this work, random substitutional con- 
centrated crystalline alloys are made from transition metals where the high-temperature crystalline 
phase is preserved by proper quenching. It is to noted that these alloys are as resistive (p ~ (50 - 
200) pHcm) as many amorphous alloys. Hence these crystalline alloys can be considered as an- 
other form of disordered systems where some of the behaviours mentioned above are expected to be 
observed. But ironically, not much attention has been paid till now to these crystalline alloys. The 
mam hurdle lies in the alloy preparation where retaining the isophasic high - temperature crystalline 
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phase down to low temperatures is found to be rather difficult. The present thesis deals with two 
such alloy series, 7 - Cu,oo_xMn^ (36 < x < 83) and 7 - Niioo-x-yFe^Crj, (6 < x < 23; 2 < y < 21 ). 

The present 7-Cuioo-xMni (x = 36, 60, 73, 76, and 83) alloys have exotic magnetic structures 
at low temperatures. According to the magnetic phase diagram, they are cluster glasses for x = 
36, 60, and 73 with between 135 and 149 K and are in the mixed cluster-glass and long-range 
antiferromagnetic phase for x = 76 and 83 with 145 and 45 K, respectively. These sub- 
stitutionally disordered alloys have resistivities between 93 and 197 /uHcm. Electrical resistivity 
(1.2 - 40 K) and magnetoresistance till 7.5 T in both longitudinal and transverse orientations are 
measured in these 7-CuMn alloys. On the other hand, the 7 - Niioo-x-yFeaCrj, (6 < x < 23; 2 
< y < 21) alloys are all ferromagnetic. The initial permeability (^) for these alloy compositions 
are very high making them useful as transformer core materials, heat resistant steel, etc. However, 
according to the earlier neutron diffraction and dc-magnetisation studies, the Cr-rich alloys (> 18 
at. 9c) are expected to have a spin - glass phase at low temperatures besides the ferromagnetic one 
at higher temperatures. The electrical resistivity in these alloys are found to be widely varying 
between 31 and 90 /jQcm. Electrical resistivity, magnetoresistance, ferromagnetic anisotropy of 
resistivity (FAR) and the Hall effect are studied in these 7-NiFeCr alloys. 

The motivation behind the present studies is to try to answer some of the following questions : 
Does resistivity minimum occur in concentrated 7 - CuMn and NiFeCr alloys? If it does, then what 
are the possible mechanisms responsible for its occurrence? 

Is it possible to identify as well as isolate the spin-glass (in CuMn) and ferromagnetic (in NiFeCr) 
contributions to the electrical resistivity from other contributions? It is rather important to find 
how different competing physical mechanisms give rise to the resistance minimum. Since magne- 
toresistance data provide useful information regarding different scattering phenomena, a consistent 
interpretation of electrical resistivity remains incomplete without it. 

Is it possible to find a correlation between the values of the FAR and the earlier observed = 
A., = 0 line in the ternary composition diagram? This will give useful information regarding their 
electronic band structure. Moreover, this will tell us whether the split-band model can provide a 
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satisfactory explanation for such low - FAR alloys and also its applicability in general. Also, why 
are the values of FAR so small in Cr-rich alloys. Is it possible to interpret the FAR data using the 
two-current model‘s 

Does the extra-ordinary Hall coefficient (R* oc p") exhibit a negative temperature dependence 
reflecting the resistivity minimum? 

Chapter 1 introduces the subject illustrating various properties of ordered and disordered mate- 
rials and highlighting some of the important anomalous behaviours observed in disordered systems. 
The theoretical models proposed so far to interpret these anomalies and the motivation behind the 
present study are also discussed in details. 

Chapter 2 begins with a description of the experimental procedures involved in the sample 
preparation and their characterisation. The design and fabrication of dc - resistivity and Hall effect 
/ magnetoresistance cryostats along with their electrical circuit lay-out are discussed next. The 
measurement techniques used in the present study are also spelt out in details. Special stress is 
given to illustrate the techniques adapted for minimising noise in the present measurements. 

Chapter 3 contains the electrical resistivity (p(T)) study of both 7 - CuMn and 7 - NiFeCr 
alloys. The measurements on 7 -Cuioo-xMna; (36 <x< 83) alloys are done in the temperature 
range 1 .2 <T< 30 K. The data show resistivity minima at Tmm lying between 2.5 and 24.5 K. The 
resistivity well below the minima follows a v/T type of behaviour and these has been inteipreted 
in terms of the electron-electron (e-e) interaction effects in the presence of weak localisation. The 
e-e interaction effects have dominant contributions to the resistivity in the temperature range of 1.2 
K < T < Tmm/3 whereas those from magnetic and phonon scattering are found to be negligible. In 
the higher temperature range of 'YmiJ'i < T < 30 K, besides the e-e interaction effects, magnetic 
contribution of the type and phonon contribution given by the standard Bloch - Griineissen 
relation have been observed. 


On the other hand, in Ni-rich 7 - Niioo-i-yFCxCry (8 < x < 17.5, S <y < 21) ternary alloys. 
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the electrical resistivity is measured in the temperature range of 1.2 < T < 290 K. The data in all the 
alloys exhibit distinct minima lying between 7 and 35.5 K. Below the minima, the resistivity is well 
described by the e-e interaction effects (p oc v/T), independent of the magnetic state of the alloys. 
In the temperature range of < T < ITjnin, besides the e-e interaction effects, magnetic 

(cx T-) and phonon (oc T^) contributions have been distinctly isolated. At higher temperatures 
(> 100 K), a linear electron - phonon term along with the magnetic term are observed till about 
200 K for the low-Cr alloys. But above 200 K, only a linear term is obtained in the low-Cr alloys 
\\’hereas in the high-Cr ones, it is found right from 100 K onwards. Interestingly, the values of the 
coefficient of the magnetic term (a T^) come out to be of the same order as the theoretical one 
( 10 “-’ pQcm K"^). Moreover, the residual resistivity of all the alloys, calculated using the two- 
current model and the Matthiessen’s rule, are in reasonable agreement with the experimental values. 

Chapter 4 consists of detailed studies of magnetoresistance in both the alloy series and fer- 
romagnetic anisotropy of resistivity for only NiFeCr alloys. Here high - resolution transverse 
magnetoresistance (TMR) data in 7 - Cuioo-iMni alloys (x = 36 - 83) are presented till 7.5 T 
at 4.2, 20.5, and 63 K and longitudinal (LMR) magnetoresistance at 4.2 K. They show positive 
magnetoresistance till 7.5 T in the Mn-rich (x > 60) alloys while an overall negative one in the alloy 
with x=36 at all temperatures. However, the data at 4.2 K in x=36 clearly demonstrate a positive 
magnetoresistance till 3 T which becomes negative at higher fields. The data for the Mn-rich alloys 
(x>60) at 4.2 and 20.5 K are well described by the electron - electron interaction (EEI) effects 
along with localisation and normal magnetoresistance. In the two regions of high (4 to 7.5 T) and 
low (0 to 1 T) fields, distinctly dominant contribution of EEI effects compared to that of localisation 
has been observed. For x=36, an additional term due to the cluster-glass (CG) phase (= - /^cgH") 
has to be considered in explaining its overall negative magnetoresistance. The contribution of the 
combined EEI and localisation effects has been separated convincingly from the normal magne- 
loresistance (Cat) and the cluster-glass {0cg) terms. The temperature dependence of the normal 
magnetoresistance follows the Kohler’s rule while the cluster-glass term shows a behaviour similar 
to those of the dilute spin glasses. Moreover, the present interpretation of magnetoresistance is 
found to be very much consistent with that of the electrical resistivity (p(T)). 
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On the contrary, high-resolution magnetoresistance data (Ap/p) in both longitudinal (LMR) and 
transverse (TMR) orientations m some fifteen different compositions of Ni-rich 7 - Niioo-i-yFexCty 
(6 < X < 23; 2 < y < 21) alloys are presented at 4.2 K in magnetic inductions till 1.4 T. In the 
low Cr-content alloys (y < 1 8), the LMR is found to be positive while the TMR is negative. How- 
ever, beyond technical saturation, the slope of both LMR and TMR data are found to be positive. 
This low-field anisotropy in the magnetoresistance arises from the inherent spin - orbit interaction 
present in a ferromagnet. Both the LMR and TMR data till 1 .4 T (beyond technical saturation) have 
shown an H- dependence which is attributed to the dominant presence of the EEI effects in the low 
- field limit. The contribution of the normal magnetoresistance to the present data is estimated to 
be negligibly small. In the high Cr-content alloys (y > 18) both the LMR and the TMR are found 
to be negative and nearly isotropic which is ascribed to the dominant SG/CG term. 

The ferromagnetic anisotropy of resistivity (FAR) for the present Niioo-i-yFexCrj, (6 < x < 23; 
2 < y < 21) alloys are evaluated from the LMR and the TMR data. The FAR values in the present 
alloys are found to be very small. A maximum value of 0.76 % is found in the alloy NijTFeoi Cr2 with 
2 at.% of Cr. But as the Cr content increases, the FAR decreases drastically and becomes almost 
zero for the alloys with more than 18 at.% Cr. These results are discussed in terms of the split-band 
(SB) as well as the two-current conduction (TCC) model. In addition. Hall resistivity {pn) for 
alloys of composition Ni75Fei3Cri2, Ni7oFei2Crig, Ni73 5FegCri8.5, Ni72FegCr2o, and*Ni7iFegCr2i 
is measured till 1.4 T at 4.2 K only. The experimental extra-ordinary Hall conductivity, 7^75=0 
line in the ternary phase diagram (using the present data and the earlier reported values) exhibits a 
pronounced curvature in the Cr-rich (~ 20 at.%) region, contrary to the straight line, predicted by 
the SB model. But the most important observation is that the ridges of the constant FAR lines are 
found to follow exactly the experimental 7^rs=0 line. All these are in good agreement with the idea 
behind the SB model. However, the above consistent behaviour of the experimental 7 hs= 0 
and the line joining the ridges of the constant FAR lines in the ternary phase diagram is found to 
lie fcir away from where they are theoretically expected. This is quite puzzling. One of the reasons 
for such a discrepancy is attributed to the composition dependence of Zg// which was taken as a 
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constant in the SB model. Another possible reason is the uncertainty of the complete band splitting 
of Cr from Ni and Fe bands. Intensive theoretical as well as experimental investigations are needed 
to resolve it. In addition, such small values of FAR in the present alloys are ascribed to the large 
energy difference between the spin-up bands for Cr and Ni as shown by the CPA calculations. The 
decrease in the FAR with Cr can also be interpreted using the two-current conduction model as 
the alloys move towards weak-itinerant ferromagnetism with increasing Cr, in excellent agreement 
with the earlier dc-magnetisation data. This is probably the only work where detailed description 
of such small FAR’s in high Cr-content alloys are presented. 

In Chapter 5, high - resolution data for the temperature dependence of the Hall resistivity {pu) 
are presented in magnetic inductions till 1.4 T and temperatures down to 1.4 K. The samples are 
ferromagnetic Ni-rich 7 -Ni 75 Fei 3 Cri 2 (S29), Ni 7 oFei 2 Cri 8 (S48), and Ni 73 5 Fe 8 Crig 5 (S41) alloys 
where pn beyond saturation exhibits a decrease with increasing temperature. The values of the 
ordinary (Ro) and the extra-ordinary (Rj) Hall coefficients are found to be positive in alloys S48 and 
S41 whereas they are negative in S29. Electrical resistivity (p(T)) study in these alloys has shown 
resistivity minima (at 'Tmtn) which are described by the electron - electron interaction effects. The 
extra-ordinary Hall coefficient (EHC) comes out to be two orders of magnitude greater than the 
ordinary Hall coefficient (OHC). This large extra-ordinary contribution can be attributed to the 
side-jump effect (Rj a p"). Ro is found to be almost temperature independent in all the alloys. On 
the other hand. Rs(T), irrespective of its sign, has shown a decrease with increasing temperature 
with a minimum around T^^^. The temperature dependence of the positive EHC in alloys S41 and 
S4S IS consistent with the minima observed in p(T). On the other hand, the negative EHC in alloy 
S29 behaves exactly opposite to that theoretically expected. Instead of getting more negative, it 
becomes more positive below as well as above T,nm- This is found to be rather puzzling and, in 
no way, can be interpreted by current theories. Nevertheless, this is the only study where such a 
strong negative temperature dependence of EHC has been observed in any concentrated crystalline 
ferromagnetic system. 

Finally, Chapter 6 concludes the thesis by summarising some of the important observations and 
spelling out the scope of future work. 
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Chapter 1 
Introduction 


1.1 Preamble 

Condensed matter physics in recent times has been tackling fascinating problems connected with 
magnetic, galvanomagnetic, electrical, and thermal properties of different materials, especially 
in the disordered state. Earlier, a disordered system, in general, meant liquid and amorphous 
materials[l], where atoms are randomly arranged without any crystalline structure. In the last few 
decades, lot of attention has been paid on amorphous alloys because of their large technological 
applications which, as a result, has led to an explosion of experimental activities. Interestingly, 
it has been observed that addition of transition metals can enhance both structural and chemical 
disorder in amorphous alloys. This, in turn, reveals some interesting anomalous behaviours [2]. The 
understanding of these properties has been found rather difficult and controversial with the existing 
free-electron model[3, 4]. It is important to note here that the value of electrical resistivity (p(T) ~ 
0) is generally considered as a measure of disorder in any alloy[4]. Most of these anomalies 
reported so far are in electrical transport, galvanomagnetic, and thermal properties. Some of them 
are listed below. 

1 . The temperature coefficient of resistivity (TCR) is found to be positive in alloys with po < 
150 pQ.cm while it is negative for alloys with po> 150 p,Q.cm. This is better known as the 
Mooij correlation[5]. In addition, values of the TCR are found to be very small compared to 
that of crystalline metals[2, 3]. 
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2. At low temperatures, the alloys with positive TCR often exhibit an increase in resistivity with 
decreasing temperature, giving rise to resistivity minima[2, 3]. 

3. At high ternperamres, the alloys with positive TCR show resistivity 
saturation [6-8]. 

4. Breakdown of the Matthiessen’s rule[9, 10]. 

5. The ordinary Hall coefficients (Rq) in metals and alloys (where majority charge carriers are 
electrons) are usually temperature independent and negative[l 1]. But in amorphous alloys, 
Ro is often found to be positive[12-16]. Interestingly, very recently Ro has also exhibited a 
negative temperature dependence in non-magnetic amorphous alloys[2]. 

It has been realised now that many of these anomalies[3, 4] cannot be explained by forcing 
these systems into the mould of the ordered systems. Here conduction electrons are not so free as 
It is expected in the free electron model. The mean free path of the conduction electrons may be 
as large as the interatomic spacing in these disordered alloys. As a result, the Boltzmann transport 
equations do not hold. In fact, disorder in any material can exist in varying degrees, ranging from 
a few impurities in an otherwise perfect crystalline host to the strongly disordered limit of alloys 
or glassy stmctures. 

Crystalline alloys are in general considered to be comparatively more ordered tlian amorphous 
alloys. Recently, random substitutional concentrated crystalline alloys are made from transition 
metals where the high-temperature crystalline phase is preserved at low temperatures by rapid 
quenching. It is important to note that these alloys are quite resistive with p ~ (70 - 200) 
which is of the same order as that of some amorphous alloys. Hence these crystalline alloys can 
also be considered as another form of disordered system, but now with chemical disorder, where all 
the above anomalies are expected to be observed. But ironically, not much attention has been paid 
till now to these crystalline alloys. In this thesis, the prime intention is to study electrical resistiv- 
ity, magnetoresistance, ferromagnetic anisotropy of resistivity, and Hall effect in such systems of 
crystalline alloys. 
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1.2 Brief Review 

1.2.1 Magnetism in ordered and disordered materials 

Instead of going directly to electron transport and galvanomagntic properties, here we have pre- 
sented a brief review of magnetic properties of ordered and disordered materials. 

Magnetism is always considered as a fundamental property of any solid. New sophisticated 
and precise experimental techniques (e.g. SQUID, neutron diffraction, ac - susceptibility, nuclear 
magnetic resonance, etc.) have led to the recognition of a wide variety of magnetic ordering in 
different materials. The most commonly known among them are ferromagnetism, paramagnetism, 
diamagnetism, ferrimagnetism, and antiferromagnetism[17-19]. Except the closed shell diamag- 
netism. all other magnetic properties can be understood classically by the molecular field theories. 
To describe the origin of the molecular field theory, several magnetic - exchange interactions are 
proposed for different kinds of magnetic materials. Important among them are: {1} direct exchange 
JjjSt-Sj, where i and j represent the spins at different lattice sites; 1,^ is positive for 
ferromagnets and negative for ferri and antiferromagnets), (2) superexchange (for magnetic oxides 
and semiconducting materials), (3) indirect exchange interaction (for spin and cluster glasses), (4) 
hyperfine interaction (to describe the Mossbauer effect, nuclear magnetic resonance and nuclear 
specific heat, etc.), etc.. The most fascinating one is the indirect exchange (REXY) interaction 
which can be wntten as 


J(r) 


Jocosilkpr) 


( 1 . 1 ) 


{IkprY 

where kp is the Fermi wave vector. This interaction, J(r), is oscillatory in nature, i.e., it becomes 
positive and negative depending on the separation between the spins / moments. However, the 
strength of J(r) reduces with inverse cube of the distance between spins. 


Kondo regime 

The disorder in any material could be varied widely by changing impurity concentration. It was 
discovered long back that, by adding a few parts per million (ppm) of magnetic impurities (< 100 
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ppm) in noble metal hosts, one can get the so - called Kondo regime. Here magnetic impurities are 
completely isolated from each other and, as a result, there are no direct interactions among them. 
Even the RKKY interaction is negligibly small due to their large separation (J(r) cc 1/r ). Above 
some characteristic temperature, known as the Kondo temperature (T/^), these alloys behave like 
paramagnets. The important features of the Kondo alloys below are: (1) The susceptibility falls 
below its paramagnetic value at Curie temperature, i.e., there is a loss of moment as the conduction 
electrons begin to form a surrounding cloud of oppositely (antiferromagnetically) polarized spin 
and (2) the electrical resistivity shows a logarithmic [20] upturn (i.e., minimum) at low tempera- 
tures. The value of resistivity in these dilute alloys is of the order of a few yuDcm. However, the 
Kondo effect disappears when the impurity concentration is increased. 

Spin glass 

Addition of a few atomic percent of magnetic impurity (~ (1 - 10) at.%) in non - magnetic / noble 
metal hosts can give rise to a new magnetic state where isolated impurity spins / moments are 
randomly distributed without any long-range magnetic ordering. Below some characteristic tem- 
perature, known as the spin-freezing temperature (T /), these spins are found to be frozen or locked 
in random orientations and hence it is called a spin - glass (SG) state. The interaction between 
the spins is of RKKY type (Eq.(l.l)) and thus the coupling (J(r)) between them can be either 
ferromagnetic or antifeiromagnetic depending on their separation. The direct interaction, however, 
IS negligibly small. Thus, randomness invokes a competition between the impurity spins/moments 
as to how they should order themselves. In fact, several arrangements of connecting them are 
possible in forming different sets of spin - disordered states with equivalent energy. This is called 
"fmstration"[21]. Randomness and frustration are two most basic prerequisites for the formation of 
a spin - glass phase. Some of the most exciting experimental features of spin glasses are sharp peaks 
in ac-susceptibility[22-24] at T/, hysteresis and remanence in dc-magnetisation below T/[25-27], 
time-decay of remanent magnetisation[28], rounded - peak in Hall resistivity near T/[29, 30], knee 
in molar heat capacity at T/[31], etc. Good reviews on various experimental observations can be 
found elsewhere[22, 32-34]. 
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There was an explosion of theoretical activities to explain the behaviour of the spin - glass state. 
The scaling theory[35], based on RKKY interaction, was proposed first where magnetisation, 
saturation remanence and molar specific heat are described by universal functions of reduced 
variables H/C and T/C (where C is the impunty concentration). However, at higher concentration 
(> 1 at. %), the scaling theory breaks down due to the enhanced short-range direct interaction. 
Later, Edwards and Anderson[36] suggested an elegant approach where the cusp in ac-susceptibility 
IS shown as a manifestation of a magnetic phase transition due to sudden random freezing of spins 
at T/. To describe the phase transition, an order parameter q was defined as 

q = (5,(0)-5,(f)). (1.2) 

Here a spin is initially (at t=0) observed with a value of Si(0). After a long time t (t -> oo), there is 
a non-vanishing probability that the same spin Si(t) will lie in the same direction resulting in q^^O. 
As the temperature approaches zero, q— >1. But above T/, the order parameter becomes zero. The 
magnetic state of a spin glass is quite different from those of conventional para and ferromagnets. 
A comparison between the order parameter q and the magnetisation m ((Sj)) in them are given 
below. 


Net moment 

Spin glass m=0 

Paramagnet m=0 

Ferromagnet my^O 


Order parameter 

q#0 

q=0 

q#0 


Sherrington and Kirkpatrick (SK)[37] have extended the Edward - Anderson model to real systems 
using a mean - field theory. Later, de Almeida and Thouiess[38] have pointed out some instability 
in the SK solution at lojv temperatures and in both spin - glass and ferromagnetic phases. They 
have proposed a phase diagram illustrating the stability limits of the SK solution (knovra as AT 
line). Till today, several theories on different approaches have been proposed, such as the Thouless 
- Anderson - Palmer (TAP) solvable model[39], replica-symmetry-breaking (RSB) scheme, droplet 
model[40], fractal-cluster model[41], etc.. But all these theories suffer from one drawback or the 
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other. 

Cluster glass 

As the impurity concentration increases (> 10 at.%), the probability for impurities to come close to 
each other is greatly enhanced (described in Fig. 1.1). As a result, each impurity will have another 
as a first or second - nearest neighbour. Hence, there will be a direct magnetic exchange and, 
as a result, short - range magnetic clusters form. Intra-cluster interaction might be ferro- as well 
as antiferromagnetic depending on the namre of the impurity and the neighbouring position. As 
for example, intra-cluster interaction in Auioo-iFCi (16 <x< 24) is ferromagnetic [42] while it is 
antiferromagnetic[43] in Cuioo-xMnj: (72 <x< 84). However, the inter - cluster interaction will 
be of RKKY type. Hence, cluster moments are randomised in the long range. In cluster glass, 
values of magnetisation and saturation remanence are enhanced compared to those in dilute spin 
- glass alloys. The value of electrical resistivity also increases. Soukoulis and Levin[44, 45] have 
proposed a model for cluster glass using mean field theory. This theory is found to be fairly suc- 
cessful in interpreting the experimental observations of sharp peak in ac-susceptibility and rounded 
maximum in specific heat. 

Percolation limit 

Further increase in concentration will lead to a situation where each magnetic impurity will have 
at least one nearest neighbour. Above some particular concentration, impurities will appear as an 
uninterrupted long chain spread over the whole sample and then the alloy is said to have reached 
the percolation limit. In this concentration regime, interactions between impurities are still mixed 
in character, i.e., a combination of RICKY as well as direct exchange interactions. Here magnetic 
clusters are coupled without any long-range order. The main controversy in the percolation limit 
is that frustration is completely neglected here. 

Re-entrant spin glass / Mixed phase 

At the percolation boundary, a strange magnetic behaviour emerges where both long-range and 
spin - glass orderings coexist. This is known as a re-entrant spin glass (RSG) or mixed phase (M) 



Characterised by ac - susceptibility maxima 
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Figure 1.1 : Magnetic behaviours of various impurity concentration regimes. 

Here FM = ferromagnetic and AF = antiferromagnetic. 
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(see Fig. 1.1). This is puzzling in the sense that, as temperature is reduced, a disordered state arises 
from a comparatively more ordered state. In other words, a long-range magnetic order breaks 
up into a large number of randomly frozen clusters at low temperatures. Experimentally, it has 
been found that a paramagnet (P), on lowering of temperature, becomes a ferromagnet (FM) or an 
antiferromagnet (AF) below (Curie temperature) or T^v (Neel temperature), respectively, and 
on further cooling, it re-enters a frozen state below T/, e.g., in Auioo-xFej (16 <x< 24)[42] as P 
^ FM RSG (SG + FM) whereas in Cuioo-xMn^ (70 <x< 85) [43, 46] as P -4 AF -r M (CG 
+ AFM). In this regime, long-range magnetic ordering is inhomogeneous compared to that in pure 
ferro- or antiferromagnets. 

Sherrington and Kirkpatric[37] had first shown theoretically, using mean - field theory and 
Ismg model, that ferromagnetic and spin - glass phases can coexist. Later Gabay and Toulouse[47] 
suggested a dynamical "non-Ising spin glass" approach which is found to be more effective in 
describing this mixed phase. According to this model, in the presence of an applied magnetic field, 
the randomly oriented spins will split into two components. One is longitudinal (along the field 
direction) and the other is transverse (perpendicular to the field direction). At Tc, the longitudinal 
component becomes ordered while the transverse component freezes at much lower temperatures 
(below T f) because of inhomogeneous local moments giving rise to the mixed phase. The proposed 
phase diagram by Gabay and Toulouse has shown convincingly the existence of a paramagnetic, a 
ferromagnetic, and a spin - glass along with the mixed phase. Mixed phase or re-entrant spin glass 
is usually found in concentrated crystalline as well as in amorphous alloys. Some of the examples 
are Au,oo-xFe^[42], Cu,oo-^MnJ43], Fe8o_:,Ni^Cr2o[48], Ni8o-:.Fe^Cr2o[49], Ni,oo-.:Mn^[50], 
(FejNijoo-ilso P^BelSl], (Fea;Niioo-i)79 Si9B6[52], etc.. Recently, in magnetic semiconductors 
(Hgioo-x Mn^jTe, Cdioo-x MujjTe, etc.), mixed phase and / or cluster - glass kind of behaviour (AF 
-4 CG) has been observed below the percolation limit. 

Magnetism in concentrated alloys 

Most of the concentrated transition metal alloys (ciystalline as well as amorphous) studied so 
far are Fe, Ni, or Co - based. Hence, almost all of them have long - range ferromagnetic order. 
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However, the magnetic behaviours of both crystalline and amorphous alloys are found to be broadly 
of similar kind. The magnetisation below Tc of these alloys is generally described by two well 
- known mechanisms which are: (1) Generation of spin waves in the localised model and (2) 
Stoner excitation in itinerant electron model. According to the spin-wave theory[53], specific 
magnetisation cr(H,T) (emu/gm) well below Tc can be written as 


(1.3) 


<r(b:or “ — ?(o:b) — ■ 

Here the first term (T^/^) arises from the harmonic term of the spin-wave dispersion relation and 
the second term (T^^^) represents the anharmonic contribution. On the other hand, Stoner[54] had 
put forward the idea of itinerant electron ferromagnetism in 3d metals and alloys where the 3d 
bands are split into spin-up and spin-down subbands due to large exchange energy. The electrons, 
thus, becomes itinerant m the sense that as temperature increases, they move from one subband 
to the other. This idea was later modified by Thompson et al.[55] by classifying the itinerant 
ferromagnetism into two categories : (1) strong and (2) weak. In a strong ferromagnet, one 
subband (i.e., spin-up) is completely full while in a weak ferromagnet both the spin-up and the 
spin-down subbands are partially filled. The relative change of specific magnetisation due to Stoner 
excitations is given by 


Act(T) 

cr(0) 


^j>3/2g E/ksT (strong ferromagnets) 
BT^. (weak ferromagnets) 


(1.4) 

(1.5) 


Typical examples of a strong ferromagnet is Ni and NiFe, while Fe and FeCr are weak ferro- 
magnets. Later Wohlfarth and co-workers[56-59] have enriched the itinerant model by proposing 
some useful criteria, such as Rhodes- Wohlfarth ratio, etc.. 


1.2.2 Electrical resistivity 

From the very beginning of condensed matter studies, electrical resistivity (p(T)) is found to be one 
of the most important and extensively studied phenomena which provides many useful information 
regarding the electronic band structure as well as the interaction of conduction electrons with dif- 
ferent scattering centres. In recent times, p(T) in disordered alloys have attracted a lot of attention 
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due to some of their anomalous behaviours. It is well known that electncal resistivity comes from 
random incoherent scattering of conduction electrons and, as a result, it is a measure of disorder 
m a given material. In a perfect periodic crystalline metal (i.e., without defects), electron waves 
can propagate without any attenuation and the resistivity arises from scattering by boundaries only. 
But in reality there are always some defects and impurities, however small they might be. This 
gives rise to the residual resistivity (po) measured at T=0. Addition of impurities, thermal disorder 
at finite temperatures, and application of a magnetic field can enhance the electrical rcsisti\'ity. The 
band stmeture in transition 3d metals is more complex than in simple non-transition metals. In 
3d transition metals and alloys, the 3d bands are much narrower in energy than the s and the p 
bands, and as a result, the density of state of 3d electrons is much higher than those of the s and 
p electrons. Hence the conduction electrons will have much higher velocity than the d electrons. 
In other words, the comparatively static d electrons act as additional source of scattering for the 
conduction electrons and hence resistivity anomalies appear. Thus, the interpretation of electrical 
resistivity in 3d metals and alloys is found to be rather difficult and controversial. 


Phonon contribution 

In simple metals and alloys, one of the major contributions to resistivity comes from the scattering 
of conduction electrons by lattice vibrations (i.e., phonons). Long back, a single-band phonon 
scattering using the Bloch theory[60] was proposed where Pphonon is given by 

T \ ^ r^o/T 


P,honon{T)-A(^^) i 


(e^ - 1)(1 - e-^)’ 


( 1 . 6 ) 


where A is a constant and is the Debye temperature. This is known as the Bloch - Griineissen 
relation which, on simplification, gives 


PphononiT^ — BT^ T << 6d (1-7) 

= CT T»dD. (1.8) 

In transition metals and alloys, Mott[61] had first proposed that s-d transition has to be incorporated 
in the electron - phonon scattering. Later Wilson[62] had included s-d transition in calculating the 
phonon contribution for 3d metals and their alloys. This is known as the Bloch-Wilson relation 
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which is written as 


rrr^ - A I 

Pphonon{T) — A | 


.9dJ Jo (e^ — 1)(1 — e~*) 
On simplifying the above relation (Eq.(1.9)), one gets 


(1.9) 


PphononiT) — BT^ T « dp 

= CT T» dp. 


( 1 . 10 ) 

(1.11) 


Ferromagnetic contribution 

In ferromagnetic 3d metals and alloys, a magnetic contribution to resistivity arises mainly from 
scattering of conduction electrons by 3d moments. According to the spin-wave theory, the resistivity 
much below Tc goes as up- (whereto; = kfiT) and hence p oc T^. Baber[63] had shown that the 
resistivity at very low temperatures, using the itinerant electron theory, also behaves in a similar 
manner (oc T-). Later, Kasuya[64] and Mannari[65] modified the ferromagnetic contribution by 
considering the s-d transition which is given by 


. 7r^VmG^(p-l)^j 

PmagK-L) > 


SNemEp ' 

where G represents the strength of the s-d interaction, j is the total angular momentum quantum 
number, g the Lande - g - factor, 5ft is a constant coming from spin - wave dispersion relation, and 
Ep =h\p/2m, the Fermi energy of the conduction electrons. Here V and N are the volume and 
the number of atoms, respectively in the crystal. Later, in an extensive study, Goodings [66] had 
shown that the coefficient of in Eq.(1.12) bears the most important information regarding s-s 
and s-d scattering and theoretically it’s value should be of the order of 1 x 10“*^ f2cmT~^ for Fe 
and Ni-based alloys. On the other hand, in amorphous ferromagnetic materials, a term comes 
from incoherent momentum nonconserving s-d scattering[67]. It is important to note that the 
term vanishes for crystalline ferromagnets. 


Spin / Cluster - glass contribution 


In a very dilute spin glass, Laborde and Radhakrishna[68] had first shown that the resistivity goes 
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as T" at very low temperatures (T < 1 K). Later, Rivier and Adldns[69, 70] proposed a model 
to describe resistivity of spin glasses above 1 K, but much below their T/. The idea behind this 
model is that the conduction electrons are scattered by long - wavelength spin excitations. For pure 
spin diffusive modes, which is also one of the prime criteria for a spin glass, the spin/cluster glass ‘ 
contribution to the resistivity is found to be 

p{T) = A[\ - DI[\ + CDT'^l^)l (1.13) 

where A and C depend on impurity concentration while D represents the temperature indepen- 
dent non-magnetic scattering. At low temperatures (T « T/), Eq.(1.13) reduces to p(T) a 
which is confirmed experimentally [71]. This model is also very successful in describing the high 
- temperature (T ~ T/) inflexion points beyond which the resistivity flattens out as in dilute AuCr, 
AuMn, AgMn, and CuMn alloys[71, 72]. 

Later, Fisher[73] suggested that the resistivity in spin/cluster glass can arise from tw'o main 
scattenng centres: (1) static disorder of the impurity spins and (2) spin excitations. According to 
his theory, the resistivity goes as 


p(T) = Pel -t- Anel, (1-14) 

where p^i, the elastic contribution, is proportional to some spin-glass order parameter q, which has 
a very small temperature dependence. On the other hand, the inelastic part, PmeU is responsible for 
the spin-diffusive contribution to resistivity which is written as 

P^nel{T) = BT‘ - (1.15) 

Here both B, C > 0 and hence the total resistivity p(T) in Eq.(1.14) will have the temperature 
dependence as that of Eq.(1.15). It is also suggested that a T^(^ term, similar to that in Eq.(1.13), 
can arise only when the intra-cluster interaction is ferromagnetic. In addition, this theory is claimed 
to be reliable for concentrated alloys and valid at comparatively much higher temperatures than 
those in the work of Rivier and Adkins[70], and Laborde and Radhakrishna[68]. Experimentally, 
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this has been found to be valid in concentrated CuMn alloys[43]. 

Amorphous alloys 

The non-transition metal amorphous alloys are the simplest of amorphous materials. The Ziman 
model[74] based on free electron theory has been widely accepted as a proper description of the 
electrical resistivity of simple liquid and amorphous alloys. The expression for p is given[l, 2] by 

'X'TT’p'^Cy rl - 

where S(q) is the structure factor, V(q) the pseudo potential, N/H the number of atoms per unit 
volume, and V/r is the Fermi velocity. Good reviews on this work can be found elsewherefl, 2]. 
Later, the above model is extended to amorphous 3d transition metal alloys[2, 75] to describe the 
anomalous behaviour of their p(T) which is given by 

307r%^ , „ , _ , , . 

where F is a parameter related to the virtual bound state and (Ep) is the d-density of states. The 
temperature dependence of the structural factor S(ki?) goes as 

f+OO 

S{kF) = / S{q,uj)z{e^ — \) dw, (1.18) 

J — oo 

where z=fiu>/kBT. At very low temperatures (T«9d), the structure factor goes as T^ and at high 
temperatures (T»^£)) as T[76]. Later, with the introduction of a new idea of "phonon ineffective- 
ness"[77, 78], the low temperature T^ dependence is found as a manifestation of phonon scattering 
in the disordered state. This is not limited to amorphous alloys only, but it is a feature of disordered 
alloys. 

Resistivity minima 

Kondo effect 

In recent times, the low temperature resistivity minima in disordered alloys have attracted a lot of 
attention. As it has been discussed earlier, the decrease in resistivity with increasing temperature 
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was found long back in very dilute alloys and was interpreted in terms of the Kondo etfcct{20, 60] 
which gives p(T) = po-m ln(T). The reason for such minima is ascribed to the localised magnetic 
impurities which are far apart and interact indirectly with each other by polarising the conduction 
electrons. Later, Rivier and Zuckermann[79] showed that spin-fluctuations in dilute alloys can 
explain the resistivity at very low temperatures (below Kondo minima) giving 


p(T) ^ Ml - (T/TkY), (1.19) 

where is the Kondo temperature. Some of the salient features[20] of the Kondo effect are: (1) 
usually the minima are expected in very low-resistive alloys, (2) the depth of minima and T„),„ 
depend on the impurity concentration as well as the magnetic state of the alloys, and (3) the last but 
not the least is that the Kondo minima disappear with the application of a magnetic field. In many 
amorphous alloys, similar type of low-temperature resistivity minima are observed. Initially, they 
were described by the Kondo effect[80, 81]. But these amorphous alloys are highly resistive and, 
moreover, the minima are found in some non-magnetic alloys where the constituents arc not at all 
magnetic. Above all, the minima do not vanish even in magnetic fields as high as 4 tesla. This 
strongly contradicts the predictions of Kondo effect. Hence it is concluded that the Kondo effect is 
not responsible for such minima in amorphous alloys. 


Two-level tunnelling states 

Later, to interpret the resistivity minima in amorphous alloy, Cochrane et al.[823 and Tsuei[83] 
proposed a two-level tunnelling model following the idea of Anderson et al.[84] and Phillips[853. 
The amorphous alloys, in fact, form metastable (glassy) states and, hence, there must be many local 
atomic configurations of equivalent energy, which are inaccessible. In other words, in terms of 
position coordinate, the energy (E(x)) of these atomic configurations can be represented by a double 
potential - well separated by a barrier. As temperature increases, these atoms can tunnel from one 
well to another of roughly equivalent energy to retain thermal equilibrium. In disordered metallic 
alloys, scattering of conduction electrons by the two - level states leads to a negative temperature 
dependence of resistivity which is quite analogous to that of the Kondo effect[82] and is given by 
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poc-/n(T2 + A2), (1.20) 

where A is the energy splitting parameter. Experimentally, this was found successful in interpreting 
the resistivity minima and low - temperature resistivity saturation in some amorphous alloys [86]. 
However, Black and Gyorfy[87] had pointed out some important anomalies in the concept of the 
equivalent spin label of coupled electrons. Later, in another report. Black et al.[88] showed that the 
contribution arising from the two-level tunnelling model is very small and hence it is very unlikely 
to be observed in the p(T) data. 

Quantum interference effects 

Most of the above theories suffer from one flaw or the other in explaining the resistivity minima 
in amorphous alloys. All these theories are more or less based on the free - electron model. Two 
most important criteria for Boltzmann transport to hold are: (1) kjrl » 1, where k/? = InlXp is the 
Fermi wavevector and 1 is the mean free path of electrons and (2) multiple scattering is neglected. 
In disordered alloys (p ~ 150 ijQ.cm), one can easily find using Drude’s formula (p = m/nerr) that 
the mean free path of the conduction electrons is of the order of interatomic diatance, a (1 ~ a). As 
a result, the interacting electrons in these alloys do not follow classical Boltzmann trajectory. Now 
they are better considered as diffusing from site to site with multiple elastic scattering[89]. This 
leads to a phase-coherence in the electron partial waves which, in turn, enhances the probability 
for an electron to return to its origin (see Fig. 1.2). The electrons thus get localised resulting in a 
higher resistivity. Any inelastic process like electron - magnon, electron - phonon scattering or 
electron - electron interaction or application of a magnetic field can destroy the phase coherence 
and hence reduces the resistivity of these alloys. The correction to conductivity due to the quantum 
interference effects for three-dimensional systems is given by [90, 91] 


Act oc 

Vt 

T>6d 

(1.21) 

<x 

T 

T<eD. 

(1.22) 

Electron - electron interaction effects 





It is to be noted that interaction between localised electrons is not taken into account in the above 
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FIG. 1.2. The closed path of coherent electrons moving diffusively. The arrows indicate that the 
electrons can travel along both clockwise and anticlockwise paths returning to the origin 0 in 
phase. It shows that the probability of returning to O is two times greater than that calculated 
classically and thus the electrons get localised. 

quantum interference effect. In the weak - localization limit, the interaction between two electrons 
IS another source of dephasing of the phase coherence. Theoretically, this phenomenon i.s expected 
to occur at the lowest temperatures. According to Lee and Ramakrishnan[4], the conductivity due 
to the electron-electron (e-e) interaction effects for 3-dimensional systems is given by 


1.3e^ 

Act — 


'ksT 

4^^7r% 

L3 2^^. 

KD 


where Fo- is the screening constant and D the diffusion constant. Rapp et al.[92] have reanalysed 
the p(T) data in terms of e-e interaction effects for a series of amorphous alloys which were earlier 
described by the tunnelling and the Kondo effects. Oliver et al.[93] later confirmed experimentally 
that the e-e interaction effects indeed show up at temperatures much below that of the weak local- 
ization effects. Some of the earlier studies [94-97] on metallic glasses and concentrated crystalline 
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alloys had shown a near-universal value of 6 for the coefficient of the VT term 

(Eq.(l .23)). Later, resistivity studies on metallic glasses also show double minima[98]. Bergmann 
and co-workers [99] have extended the quantum interference effects to dilute spin - glass alloys. 
Very recently, they have shown that weak localisation is an effective method to study Stoner excita- 
tions on the surface of thin films [99, 100]. Moreover, the presence of quantum interference effects 
is also observed in AlCuFe quasicrystals[101]. 

Resistivity saturation 

It has been found that disordered alloys with positive TCR at 300 K (po < 150 pHcm) exhibit 
resistivity minima at low temperatures and resistivity saturation at high temperatures [102]. Wiess- 
mann et al.[9] have successfully proposed a model for resistivity saturation where the Blotzmann 
transport channel (pBoitzmann) acts in parallel to a non-classical channel resulting in 

1 1 1 

- = — + - , ,( 1 - 24 ) 

P Psat PBoitzmann 

where Psat is the saturation resistivity (~ (150-200) //Qcm). This essentially demonstrates a 
deviation from Matthiessen’s rule. However, later Chakraborty and Allen[10] have raised some 
questions regarding the arguments in formulating this model. Gurvitch[103] modified the above 
model by suggesting an expression of psat (= S^a/a^/^e^) using statistical distribution of relaxation 
times. Several theories have been suggested so far to explain the resistivity saturation. Most 
important among them are "phonon ineffectiveness"[78] theory, interaction theory[104], etc. The 
resistivity saturation is observed in many disordered alloys at high temperatures such as TiAl[105], 
NbSn[106], FeNiCr[107], etc.. 

1.2.3 Magnetoresisitance 

It is well known that the electrical resistivity in any material can be varied by applying a magnetic 
field. This is known as magnetoresistance which is usually measured in two orientations, one is 
longitudinal and the other is transverse. In the longitudinal mode, the magnetic field is applied 
along the direction of the electric current while the field is perpendicular in the transverse mode. 
The study of magnetoresistance is considered to be one of the most essential investigations to get 
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a complete idea about the different scattering mechanisms responsible for the electrical resistivity. 


Normal magnetoresistance 

In metals and alloys, a positive magnetoresistance usually appears as a result of the anisotropy in 


electron relaxation time[l 1] and is given by 

Ap/p: 


Q2 

n2e2 p2 ’ 


(1.25) 


where Q is a measure of the anisotropy and n is the number of electrons per unit volume. It can be 
seen from Eq.(1.25) that normal magnetoresistance becomes dominant at high fields (i.e., large B) 
and at low temperatures (i.e., small p). Later, using the two-band model, a more comprehensive 
relation for the normal magnetoresistance was written as 


Ap/p = 




^p2ne J 




(1.26) 


Besides this, dependence of normal magnetoresistance on temperature, magnetic field, and impurity 
can be expressed universally[l 1] as 


Ap/p=/f^V (1.27) 

This is known as the Kohler’s mle. This is valid for both transverse and longitudinal orientations. 

Magnetoresistance in ferromagnets 

In ferromagnetic matenals, magnetoresistance in both longitudinal (LMR) and transverse (TMR) 
orientations are quite different from the normal magnetoresistance due to the presence of sponta- 
neous magnetisation. In general, the longitudinal (LMR) and the transverse magnetoresistances 
(TMR) are positive and negative, respectively at low fields. At higher fields, often called the tech- 
nical saturation[l 1], they show only a small decrease with field. This negative magnetoresistance 
"pdH^ beyond technical saturation was considered earlier as characteristics of ferromagnets 
and could be understood from the localised model. According to this model, the magnetoresistance 
is proportional to (Ms(H,T)^ - MjfO)^) (where Mj(0) is the spontaneous magnetisation). Now, as 
the magnetic field increases, the value of the magnetisation (Ma(H,T)) dominates over the spon- 
aneous one (M,(0)) and hence a negative slope in magnetoresistance[l 1]. However, at very low 
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temperatures (T « T^), this slope disappears [108] since Ms(T) ~ Ms(0). 

Considering a random distribution of domains in a polycrystal, the zero - field magnetoresistance 
is written [109] as 


P — (f/3)P||s + (2/3 )p_ls, 

where 

P\\s - P _ Ap||s _ 

Ps-s P Apxi 

On the other hand, the ferromagnetic anisotropy of resistivity (FAR) is defined as 


(1.28) 

(1.29) 


far = 

P 


(1.30) 


where the values of Ap||s/p and Apy^/p are obtained from the high-field LMR and TMR data 
extrapolated to zero internal magnetic field (H^nt)- The internal field Hmt is defined as Ylmt = 
Hext - /5Ms where /3 is the demagnetisation factor which depends on the dimensions of the sample 
and its orientation with respect to the applied field. It is interesting to note that the FAR is an 
inherent property of ferromagnetic materials which does not depend on the value of the zero - 
field resistivity. The origin of FAR is generally attributed to the spin-orbit interaction present in a 
ferromagnet. 


Two-current conduction model 

Campbell et aJ. had proposed a model, called the two-current conduction[110, 111] (TCC), to 
describe the composition as well as the temperature dependence of electrical resistivity and FAR 
in binary and ternary Fe and Ni-based ferromagnetic alloys. The basic idea behind this model is 
that the 3d band of transition metals and alloys splits into spin-up and spin-down subbands due 
to the ferromagnetic exchange interaction. As a result, the electrical conduction takes place in 
parallel through both spin-up and spin-down channels. The resistivity in each spin-up (pt) and 
spin-down (pj.) channels has a series of contributions arising firom s-s (ps,) and s-d {psd) scattering 
of conduction electrons (i.e., s electrons). The residual resistivity, according to the TCC model, 
can be written as 




20 


Introduction 


Po = p>!/(pt +'’!)• ('-31) 

Now as the temperature increases, mixing of spin-up and spin-down subbands due to the electron - 
maanon scattering gives rise to a spin-mixing term (Pt-l-)- addition, the temperature - dependent 
resistivity terms pf (T) and pf (T) must be included in the residual spin-up and spin-down resis- 
tivities, respectively. Here it is to be noted that p-fj., p^ (T), and (T) are characteristics of host 
only and do not depend on the impurity. The general expression for the total resistivit}' is then 
given[l 10 ] by 


('J') = + Pt4.(Pt + Pi) 

^ P^ + Pi + ^Pn 

where 

p,{T) = pI + p^AT). 

Here a represents the resistivity of spin-up and spin-down subbands. 


fl.32) 

(1.33) 


On the other hand, the FAR arises due to the spin-orbit interaction. The mixing of spin-up 
and spin-down states is not possible at low temperatures. This is also tme even in the absence of 
spin-orbit interaction. In these circumstances, pf arises mainly from s-s scattering (pss) of like-spin 
states (since there are no vacant dt states at the Fermi level) while the contribution to p4. comes 
from both s-s and s-d scattering of like-spin states. But in the presence of spin-orbit interaction, 
spin-up states acquire sufficient energy so that certain amount of dt electrons can move into the 
di states at the Fermi level resulting in dt-d], mixing. However, the transfer of dt electrons to dj 
states is found to be highly anisotropic. The reason is that the magnetisation direction induces a 
preferred axis- for the spin-orbit coupling which, in turn, gives rise to resistivity anisotropy. After 
a rigorous calculation, the FAR is expressedfl 10] as 


FAR = 


'rjPi - Pi)Pi 
PtPi -f Pt4,(pt + P|) ’ 


(1.34) 


where 7 is aconstantfl 12], of the order of 0.01. A good review of FAR can be seen elsewherefl 13]. 


Later on, Malozemofffl 14] proposed a modified TCC model for describing the FAR in amorphous 
and concentrated crystalline alloys. In addition, the FAR is found to depend strongly on electron 
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- impurity scattering rather than on electron - phonon scattering[l 15]. Very recently, Berger[l 16] 
has correlated the TCC model with Nordhiem’s rule. In another theory, Banhart and Ebert have 
proposed a model[117] for FAR in disordered magnetic alloys based on the Kubo-Greenwood 
formalism and the spin-polarised relativistic coherent potential approximation. 

Magnetoresistance in spin glass/cluster glass 

Long back, Beal-Monod and Weiner[l 18] had shown a negative magnetoresistance for dilute spin 
glasses, essentially in the Kondo regime. Later, Mookeijeefl 19] proposed a theory for spin glasses 
where the impurity and the s-d couplings are assumed to be isotropic. This is possible only when 
no magnetic cluster is formed. In this circumstance, magnetoresistance is found to be varying as (- 
H") near T/ at low fields and also it is proportional to the impurity concentration. Experimentally, 
this IS found to be more or less valid for AuFe, AuMn, CuMn, and AuFe[120] alloys. 


Magnetoresistance due to localisation eflfects 

In highly disordered alloys, irrespective of their magnetic state, some interesting anomalous be- 
haviours are observed which cannot be described by the above models. Here, as it has been 
mentioned earlier, the mean free path of conduction electrons is of the order of inter-atomic separa- 
tion and the electrons start getting localised due to the phase coherence between the scattered partial 
waves. The application of a magnetic field is a source of dephasing like the inelastic scattering. 
However, this phenomenon is found to be quite complex and depends on many factors. According 
to Altshuler et al.[121-123], the magnetoresistance due to weak localisation in the presence of 
spin-orbit interaction for a three dimensional system can be written as 


where 


(Ap/p) = a 


e^p 

27r% 




(1.35) 


h{x) ~ a;^/V48, (a; « 1) 

~ 0.605. {x » 1) 

Here Hi = (^/4eD)r,“*, Hjo = H, + H'^, and H'„ = ^/4eD)T“’ where rf ‘ and are the relaxation 
rates for inelastic and spin-orbit scattering, respectively and the prefactor a c; 1. The exact 
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nature of the magnetoresistance depends on the relative strength of spin-orbit interaction and 
inelastic scattering[124]. For weak spin-orbit interaction [124] \ i.e., ~ H,), the 

magnetoresistance in Eq.(1.35) becomes negative and can be expressed as 


{^p/p)loc - -a 


e^p 


1/2 


-Q 


0-2 / rr3/2 

967r% KhJ ' ^ 

0.605eV /eff \ 

2'k'^ \ h J 


{H « H,) 
(H » if.) 


(1.36) 

(1.37) 


On the other hand, for a strong spin-orbit interaction i.e., H 50 >> H,), the magnc' 

toresistance in Eq.(1.35) becomes positive and is given by 


{ ApJp)so ~ -ha 
c; -fa 


2 

e^p 


0.605e^p /eF\ 
47r% \ h ) 


3/2 


{H « if,) (1.38) 

(if, « if « Hso) (1.39) 


However, at very high fields where H » H,,,, Eq.(1.35) reduces to Eq.(1.37) as if it is in the weak 
spin-orbit limit. The behaviour of magnetoresistance is illustrated in Fig. 1 .3 in the presence of 
weak, moderate, and strong spin - orbit interaction. Moreover, the above model also predicts that 
there is no effect of orientation of magnetoresistance, viz. TMR and LMR should be identical. 


Magnetoresistance in interaction effects 

In electron - electron interaction effects (EEI), the energy difference between the two interacting 
electrons acts as an additional source of dephasing at the lowest temperatures. EEI contributes to 
the magnetoresistance and adds a correction term to the Boltzmann conductivity which is found 
to be positive. According to Lee and Ramakrishnan[ 4 ], if only the spin-splitting of the interacting 
electrons is considered, the magnetoresistance can be expressed as 


(A / \ _e'^pPa f kTY'^ 

^ (2^ j S3 

where F^. is a screening constant and 


f 9 I^bH \ 

\ kT )' 


(1.40) 


g^ih) Vh- 1.3, 


{h » 1) 


(1.41) 
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CM 


< 



FIG. 1.3. Main features of magnetoresistance in three dimensional systems arising from spin - 
orbit (SO) interaction in the weak - localisation limit : (a) weak SO, (b) moderate SO, and (c) 
strong SO. 

~ 0.053h^. (h « 1) ■ (1.42) 


On the other hand, if the same arguments are used for the orbital contribution, the magnetoresis- 
tance[121] can be written as 


{^p/p)oTb = 


g(T)e^p 

27r% 



where g(T) is an interaction parameter and 


03 (/i) ~ 1.9 


{h » 1) 
{h « 1) 


(1.43) 


(1.44) 

(1.45) 


Thus the orbital and the spin - splitting contributions of the interacting electrons to the magnetore- 
sistance have the same field dependence. 
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Earlier studies by Howson and Greig[125. 126] on CuZr and CuTi amorphous alloys have 
clearly shown the presence of interaction effects in p(T) in the temperature range of 1 00 mK to 20 
K But in the interpretation of the magnetoresistance data[126], they had concluded that the field 
dependence of EEI effects along with localisation term comes into play only beltnv 1 K which is 
inconsistent with the interpretation of p(T) data. Later Bieri et al.[124, 127] had shown that .strong 
spin - orbit scattering is responsible for the positive magnetoresistance of Cu 5 hLu<;(k PdKuSHo, and 
some other amorphous alloys. The study on FeZr[128] amorphous alloys have shown the presence 
of weak-localisation and e-e interaction effects in the temperature range (4.2 - 77)K in magnetic 
induction up to 5 T. Very recently, magnetoresistance data in CaAl[129] and FeCr[ 1 30] amorphous 
alloys have been analysed in terms of the strong spin-orbit interaction in the wcak-locah.sation 
limit. 

1.2.4 Hall effect 

The Hall effect m metals and alloys is considered to be one of the most important experimental 
techniques to get useful information about their electronic structure. The Hall resi.stivity in any 
simple non-magnetic material [1 1] is defined as 

Ph = = R 0 B 2 , (1.46) 

Jxx 

where Ro is known as the ordinary Hall coefficient (OHC), E^j, the transverse electric field, j,* the 
longitudinal current density, and B^ the magnetic induction. The origin of Ro is the Lorentz force 
acting on the conduction electrons. For any simple metal, the sign and the magnitude of Ro can be 
obtained using the two-band model[l 1]. 


In any ferromagnetic material, an additional term is required to explain the Hall resistivity 
which is then expressed as 

pH = + pf** 

= (1.47) 

Here is known as the spontaneous or the extra-ordinary part of the Hall resistivity, M, the 
saturation magnetisation, and R, the extra-ordinary Hall coefficient (EHC). The origin of pf®* is 
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attributed to the spm-orbit interaction[131-133] present in a ferromagnet. 


Ordinary Hall coefficient 

According to the free - electron theory, the magnitude and the sign of the ordinary Hall coefficient 
Ro depends on the majority charge earners and their concentration. In the two-band model, the 
general expression for Ro is given[l 1] by 


i?o = - 
e 


1 


rih. 


+ 


B^alaKrie - rii,) 


e^nln\ 


(ce 4- + 




(1.48) 


e^nlnl 


where n and a are the carrier concentration and the conductivity, respectively. The suffix e and h 
represent electron and hole, respectively as charge carriers. For high fields (B oo), the above 


relation gives 


i?o = 


1 


(1.49) 


e(ne - Uh) ' 

For simple metals and alloys, the majority charge carriers are electron (ng » n*) and hence Ro = 
l/eng. It is important to note that, according to the free electron theory, Ro in any metal is negative 
and is independent of temperature. 


Hall elEfect in spin glass 

In spin glasses, the behaviour of the OHC Rq deviates strongly from what is expected in the free- 
electron theory. The most important one is the temperature dependence of Ro- Experimental data 
in dilute AuFe and AuCr alloys[134] show that 

R^{T) = Ro{0)+A/T. (1.50) 

This is ascribed to the skew scattering arising from the left - right asymmetry of conduction elec- 
trons after interacting with the polarised local 3d impurities. A good review of these studies can 
be found in references [134, 135]. 
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Hall effect in disordered non-magnetic alloys 

Recently in amorphous transition metal alloys, a positive Ro is observed which m no w;n can be 
explained by the free - electron theory. Several explanations have been 'scd. st' far| 1 36-138], 
The most successful and well accepted one is the s-d hybriJisationf 13-1.6). Ciood reviews on 
these works are given in literature[2, 138, 139]. In transition - metal alloy.s. it is known that the 
s-band (i.e., conduction band) overlaps with the 3d-band and thus .s-d hybridi.sation takes place. In 
amorphous alloys, disorder can induce a broadening of energy levels where .s and d hands meet and, 
as a result, the dispersion curve (E vs. k) of conduction electron.s i.s modified mto an ”S" - shape 
(see Fig. 1.4). The group velocity (dE/dk) is negative in the vicinity of s-d hybridisation ibetween 
El and E 2 ) and hence Ro becomes positive. 


Recently, the OHC in non - magnetic PdZr, NiZr, FeZr, CuTi, and PdZi have shown a negative 
temperature dependence[14()-142] which is interpreted in terms of electron-electron interaction 
effects[121, 122] and is given by 


ARq 2Aa l.Se- , , 


IkBT 

TiD' 


(1.51) 


Their analysis is found to be consistent with the interpretation of the p(T) data. Verv’ recently, in 
some amorphous paramagnetic transition metal alloys, Rq is found to have a dominant anomalous 
contnbution[138, 143] which is explained in terms of the side-jump effect[133j. 


Extra-ordinary Hall coefficient 

In any ferromagnetic material, the Hall resistivity usually follows Eq.( 1 .47) in the temperature 

range T « T, where T^ is the Curie temperature. The values of R,M, and OHC are obtained from 

the intercept and the slope, respectively of a linear fit of the high-field data. For any crystalline 

ferromagnetic material, R. is generally found to be at least an order of magnitude[131] larger than 

Ro and it is more so in amoiphous 3d alloys[132]. Hence the value of is nearly equal to that of 
the spontaneous term (R^MJ. 


Localised models 

Any spo„.a„eousconrtbu,io„i„afe™magnetismai„ly dependent on its saturation 
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FIG. 1.4. The s-d hybridisation on the dispersion curve (energy (E) vs. wave vector (k)). The 
dashed line is unhybridised conduction band (i.e., s band). Between Ei and Ei, the slope of the 
dispersion curve (i.e., the group velocity) is negative. 

i.e., on the electron spin/moment. This indicates that the electron spin and its interaction[131, 132] 
(i.e., spin-orbit interaction) have a major influence on p“*(H). According to Kondo[144], d and 
f electrons are localised at their lattice sites, moments of which, however, contribute to the total 
magnetisation of an alloy. The conduction electrons (i.e., s electrons) are the majority charge 
carriers. It has been shown that the extra-ordinary contribution to Hall resistivity arises only when 
an intrinsic spin-orbit interaction of d/f electrons is taken into consideration. According to this 
model, the Hall resistivity is expressed as 
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PH cx {(M - {M)f) . (1-52) 

Later, Kagan and Maksimov[145] have modified this model by introducing a mixed type of s( orbit) 

- d/f(spins) interaction in addition to the intrinsic spin - orbit interaction which under the molecular 

- field approximation (S = 1/2) is written as 

PH<x{Mm-Mj{T)). (1.53) 

Experimentally, the behaviour of extra - ordinary Hall resistivity in any 3d alloy is found to 
be strongly ternperamre dependent and most importantly it exhibits a correlation with electrical 
resistivity. This had attracted a lot of theoretical attention. Karplus and Luttinger[146] first 
suggested that the extra - ordinary Hall resistivity is a consequence of the left-right asymmetry of 
magnetic electrons which arises due to their spin-orbit interaction. As a result, when an electric 
field is applied, a current appears perpendicular to both magnetisation and the electric field. The 
calculation also shows that this current is proportional to the magnetisation and finally to p~. It is 
also predicted that the coefficient of ^ is independent of temperature and impurity concentration. 
Later. Srait[147] pointed out that this approach can not produce any net current in perfectly periodic 
crystals. In his original calculation [147], the spin-orbit interaction of 3d electron was considered 
in the form 


n 


[matrix el.p 

En-Ep ’ 


(1.54) 


where d is the distance between the nearest - neighbour atoms, En is the energy of a band state, x 
is an overlap integral, and A^o is the atomic spin - orbit parameter. 


Scattering mechanisms 

Following Smit’s formalism, two tjqjes of scattering mechanisms have been developed so far to 
explain the spontaneous Hall contribution in 3d metals and alloys. The first one is called the skew 
scattering where it is thought that an electron wavepacket might get deflected at an angle 9 (see 
Fig. 1.5(a)) after getting scattered by a potential in a periodic crystal. In other words, the electron 
wavepacket assumes a left - right asymmetry normal to the plane containing the electron spin and 
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Its velocity. Theoretically, the skew scattering[132] is characterised by a constant spontaneous Hall 
angle (tan0 = pulp) which, in turn, gives 


pH o: p (1.55) 

i.e. RsMg oc p. 

In the low-field limit, the concentration as well as the temperature dependence of M* was found to 
be weaker than those of p and hence Eq.(1.55) could be written as 

Rs oc p. (1.56) 

On the other hand, it is well known that for any strongly correlated system the dimensionless 
parameter, (where Aj? is the Fermi wavelength and A the mean free path of the electron) 

becomes very large due to the smaller electron mean free path. Under these circumstances, the 
classical Boltzmann equation does not hold[133]. This gives rise to the second possibility where the 
electron wavepacket might get transversely displaced from its original path after getting scattered. 
This is known as the side-jump effect. This transverse displacement is generally written as Ay 
(Fig. 1.5(b)) which is found to be of the order of an atomic distance[131] (~ 10”^° m). The 
side-jump parameter[132] Ay is related to Os by 

tanOs ci: 0s cic Ay/A oc pAy, (1-57) 

which, in turn, shows that 

Ph oc p^. (1.58) 

Hence, assuming M, as a constant, Rj can be expressed as 

Rs oc p^ 

= K/f, ( 1 . 59 ) 

where K is the proportionality constant which depends only on the composition. The side-jump 
parameter Ay in the one-band model[148] can be expressed as 
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FIG. 1.5. The trajectory of a wavepacket is deflected by (a) skew scattering and (b) side - jump 
mechanism. 


Ay = aMfikp /ne^ , ( 1 -60) 

where kf is the Fermi wave number of the electron and n the number of electrons per unit volume. 

The extra-ordinary Hall coefficient in pure metals and dilute alloys[131, 132] follows the 
behaviour as predicted by the skew - scattering theory. On the other hand, the side-jump effect 
is found to be dominant in concentrated alloys where the value of p is large. However, both the 
effects could be found together in one system in different temperature regimes [148]. In the present 
context, it is to be noted that the skew scattering can be dominant in the low temperature regime and 
the side-jump effect at high temperatures. In interpreting the temperature dependence of Rs in any 
ferromagnetic material, it is always controversial whether only the magnetic disorder contribution 
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to the resistivity p or the total contribution from all scattering[149] is responsible for the sharp 
change of data below Tc. In amorphous alloys, R* is found to be varying as pCT) even above Tc. 
This is attributed to the structural disorder! 132]. However, the electrical resistivity can be varied 
by changing temperamre as well as composition. Hence, to interpret the temperamre dependence 
of the EHC, several authors[ll, 131, 150] work with a quantity called the extra-ordinary Hall 
conductivity, which is expressed as 


Ph 

iHS = “V = 


RsM^ 

(9- 


(1.61) 


Here the concentration and temperature dependence of the EHC is eliminated by dividing by (9. 
Thus 7 hs should have a weaker temperature dependence than pn- 


Split-band model 

Smit’s theory[147] (Eq.(1.54)) had first pointed out that the spin-orbit interaction can change sign 
when the scattering potential is reversed with respect to the Fermi level. Later, Kondorskii[151] 
suggested that the sign of the EHC will be understood if the information regarding the shape of 
the Fermi surface is known. The latter is not only not available readily but also very difficult to 
calculate, especially in 3d alloys. 

Later on, the extra-ordinary Hall coefficient in binary Ni and Fe based alloys[152] (R*) was 
found to change their sign exactly at the same e/a ratio (~ 27.7)[152, 113]. This seemed to be 
in good agreement with the rigid - band model. But in ternary NiFeCu alloys[150], the above 
correlation did not hold, since the line R, ~ 0 lies far away from the line of constant electron 

concentration. Berger had predicted! 152] that some orbital degeneracy exists in the 3d spin - down 
band near the Fermi level and the change of sign of R, occurs when this orbital degeneracy crosses 
the Fermi level. It is to be noted here that the sign change of linear magnetostriction coefficient 
(Aj = 0)!153, 154] and a maximum in FAR!150, 152, 155], are also expected during this crossover. 
Later, Ashworth et al.[150] had extended this idea and proposed a model, called the split-band (SB) 
model, for describing the sign change of R, and Aj in ternary NiFeM alloys (where M = Cr, V, Ti, 
W, Mo, etc.). According to the SB model, constituents of a given alloy have their own distinct 3d 
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FIG. 1.6. Schematic band states for ternary NiFeM (M = Cr, V, etc.) alloys according to the 
split-band model. 

subbands separated from each other on the energy scale (see Fig. 1.6). This is possible only when 
the bands of all the constituents differ in energy by more than their average band width[ 156]. The 
above condition is generally satisfied for concentrated alloys where valence difference (Z) between 
any two constituents is greater than two, i.e., Z > 2. In fact, the split-band model is found to be an 
extension of Friedel’s virtual bound state (VBS) model[157]. The constituent of an alloy with the 
largest atomic number (i.e., whose nuclei is most attractive to electrons) will have their subbands 
at the bottom while that with the smallest atomic number at the top. For NiFeM (where M = Cr, 
V, Ti, W, Mo, etc.) alloys, the bands for Ni are at the bottom whereas those of M are at the top 
(as shown in Fig. 1.6). Theoretical calculations show that the composition variation of R, ci A, 2 
0 is found to be associated with the zero expectation value of the Z-component of the 3d orbital 
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angular momentum[152, 158] ((Lj(Eir)) = 0). This happens when the Fermi energy (Ep) lies at 
the boundary or the gap between Fe 3d4. and Ni 3d4, bands. In other words, the EHC and the linear 
magnetostriction coefficient change sign when the point T (where 3d spin-down bands of the Ni 
and Fe meet) crosses the Fermi level. According to FriedeTs VBS model[157], the total number 
of states in a given 3d subband is found to be equal to five times the atomic concentration of the 
respective constituent. The Fermi level crossover will occur when the total number of holes in 
the 3d band of the alloy is equal to the total number of 3cL|, states of the Fe atom, i.e., for ternary 
NiFeM alloys, this condition can be written as 


5Cf, = 0.55-\-2Cf,- (10 + Z)Cm 

i.e., 3CFe + {l0 + Z)CM= 0.55, (1.62) 

where 0.55 is the number of holes per atom in Ni, C the atomic concentrations, and Z the valence 
difference between M and Ni (e.g., -4 for Cr, -5 for V, etc). However, the above equation (i.e., 
Eq.(1.62)) can also be applied to binary alloys. As for example, in NiFe alloys, such a change 
of sign will occur when SCpe = 0.55, i.e., around 18 at.% of Fe which is consistent with the 
experimental results[108, 109]. As a matter fact, the above theory is found to be in good agreement 
with the experimental findings of the maximum value of the FAR and the change of sign of Ri and 
As in Ni and Fe - based binary, and to some extent in ternary NiFeCu alloys. Later Berger has 
extended this model[158] to explain the minimum in electronic specific heat. In addition, there are 
some direct experimental evidences for such band splitting in NiCu alloys[159] from ultraviolet 
photoelectron spectroscopy and reflectivity measurements. The coherent potential approximation 
(CPA) calculations [160] for band structures in various Ni and Fe-based alloys provide another 
strong theoretical support to the validity of the split-band model. But, ironically, there is no de- 
tailed experimental study of FAR along with the location of R* = As = 0 lines in any other ternary 
system suggested in the split - band model except NiFeCu alloy series. 
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1.3 Motivation behind the Present Study 

1.3.1 General introduction 

The above discussion has clearly illustrated how the electrical resistivity and the ualvanonu-ueiic 
properties of disordered alloys deviate from what is expected from the free electron thct'ry. In 
recent times, this is considered to be a subject of great interest from the physics point ot \icw. Till 
now, most of the studies have dealt with amorphous alloys where the resisti\it\ is found to be of 
the order of (100 - 200) //Ocm. A good review on these can be found in the Iiterature[2. 3. 138]. 
Recently, some concentrated crystalline transition metal alloys are found to be fairl.v re.sistive (p rr 
(50 - 200) /iQcm). But there is as such no careful and systematic study in these alloys. The main 
hurdle lies in the alloy preparation where retaining the isophasic high - temperature ciystailine 
phase at low temperatures is found to be very difficult. The present thesis deals with two such alloy 
senes, namely 7 - Cuioo-iMna, (36 < x < 83) and 7 - Niioo-x-yF^xCrj, (6<x<23;2<y< 
21) To keep their high - temperature 7 -phase (i.e., face centered cubic phase), the alloys are heat 
treated and subsequently quenched properly in water. This kind of heat treatment is essential for 
preserving the random substitutional disorder in these alloys and avoiding any chemical clustering. 

CuMn system is always a subject of great interest among physicists from the Kondo effect era. 
The dilute regime of these 7 - Cuioo-iMnx alloys had exhibited resistivity minima which were 
later interpreted by the Kondo effect. As it was mentioned earlier that the magnetic phase of spin 
glass was observed in this alloy series for x < 10 at.% below T/. It is interesting to note here that 
CuMn along with AuFe and (EuSr)S are a very few examples of "ideal spin glass"[22] where the 
experimental behaviours follow exactly the predictions of some basic theories, like Ising - model, 
random bond, mean - field theory, etc. Also these alloys, in the dilute regime of spin glass, exhibit 
an overall negative magnetoresistance in both longitudinal and transverse directions. Earlier, Kou- 
vel[27] simulated the magnetic behaviour of Cuioo-^Mn^ alloys (x < 25 at.%) by a simple model 
where spin / cluster - glass phase is described by an ensemble of mutually - interacting ferro and 
antiferromagnetic domains. The neutron - diffraction study by Sato et al.[161] has shown short' 
range antiferromagnetic ordering in Cu 75 Mn 25 alloy. 
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BINARY PHASE DIAGRAM of CuMn 



FIG. 1.7. Phase diagram of binary CuMn alloys. 

Later, a detailed neutron diffraction study by Cowlam and Samah[162] over a wide range of 
concentration revealed some interesting features about the magnetic ordering in the concentrated 
regime of 7 - Cuioo-xMna; (x > 72) alloys. It has been found that, for x<72, both the nearest and 
the next - nearest neighbour interactions of Mn are antiferromagnetic. This is known as the AF3 
structure. But, in the concentration range of 72 < x < 84, only the nearest lieighbour interaction is 
antiferromagnetic while the next - nearest one is ferromagnetic. This is called the AFl structure. 
Thus, there is a high probability of forming a cluster glass / mixed phase in the concentration range 
of 72 < X < 84. 
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phase diagram 



FIG. 1.8. Magnetic phase diagram of concentrated binary CuMn alloys. 


However, a problem comes from the metastable state of the high - temperature isophasic n -phase 
m this regime. According to the metallurgical phase diagram (see Fig. 1.7), the low - temperature 
crystallographic phase of Cu,oo-xMn. for x > 25 at.% is found to be a mixture of 7 (fee) and q (sim- 
ple cubic) phases. The high - temperature 7-phase is isophasic, but metastable (see Fig. 1 .7), which 
makes the high temperature studies unreliable. Due to all these complications, the concentrated 
regime of CuMn alloys has not been paid much attention. Very recently, Baneijee and Majumdai, 
in a detailed study [43], have established the complete magnetic phase diagram (see Fig. 1-8) ov® 
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a wide composition range of 4.4 <x< 83 using ac-susceptibility and dc-magnetisation studie 
Moreover, their phase diagram is found to be in good agreement with the theoretically propose 
one[46]. Thus the alloys studied in this work are in cluster - glass / mixed phase region. On tf 
other hand, the electrical resistivity study[43] in Cuioo-iMua; (36 <x< 83) alloys have shown th. 
these substantially disordered materials have large values of residual resistivity (p ~ (97 - 20( 
pQcm). Long back Coles had shown that even the concentrated CuMn alloys might have resistivil 
mmima[163] at low temperatures. Later, Banerjee and Majumdar have confirmed it. Since the 
study IS restricted only down to 10 K[43], interpretation of the resistivity minima was not possibh 
Nevertheless, a dominant (BT^ - - type of cluster-glass contribution was clearly obtained i 

the temperature range of T > 25 K. However, Ford and Mydosh[71] found a dominant type c 
spin-glass contribution at low temperatures (much below 20 K) for x<10 at.%. 

NiFeCr alloys are well known for their wide range of technological applications, such as elir 
vars, heat - resistant steel, non-magnetic stainless steel, etc. (shown in Fig. 1 .9). Recently, this alio 
senes has attracted a lot of attention due to its fascinating magnetic behaviour[164], especially th 
7-phase composition region. The present 7 - Niioo-x-yFexCr^ (6 < x < 23; 2 < y < 21) alloy 
are in the range of chrome permalloy and heat - resistant steel (see Fig. 1.9). It is well known tin 
the high temperature 7-phase of Fe is antiferromagnetic (AFM). Hence Cr is added to stabilise th 
AFM phase of Fe. In fact, this is true for the Fe-rich side of 7 - Niioo-x-yFe^Cry (x > 50) alloy; 
But, in the Ni-rich NiFeCr (the present alloy series), Cr is added to enhance the electrical resistivit 
(i.e., disorder) and to decrease the eddy - current losses[165]. 

Earlier, the present alloy series at 77 K was found to be ferromagnetic[165, 166]. Howeve 
neutron diffraction study[167, 168] in NiFeCr alloys has revealed that the exchange interactio 
among the constituents are J(Fe-Fe) = -7 meV, J(Ni-Ni) = 52 meV, J(Cr-Cr) = -227 meV, J(Fe-N 
= 36 meV, J(Fe-Cr) = 39 meV, and J(Ni-Cr) = 122 meV. Hence the mixed/cluster-glass phase ca 
be expected to be observed in certain composition range of this alloy series. Later, Majumdi 
and Blanckenhagen[48] have hit upon a series of 7 - Fe8o-xNij.Cr2o (10 <x< 30) alloys whei 
ferromagnetic, mixed, spin - glass, and antiferromagnetic phases are obtained within the sam 
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FIG. 1.9. Phase diagram of ternary NiFeCr alloys at 600° C (solid lines) and at 1200° C (dotted 
lines). 
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crystallographic phase (i.e., ^-phase) (see Fig.l.IOlait ct a! 1 i;avc shn^n that 

ferromagnetic and spin - glass behaviours can be obscn lhI in Ni lich Nk. - 1 c ( i ; x < 
15) alloys as well (see Fig.l. 10(b)). This seems to be quite exciting in the seiiM* that, toi tfie same 
crystallographic phase, both ferromagnetic and spiiu’clustei glass phases ,ue nhsmed in finth Fe 
and Ni-rich sides of NiFeCr series. 


Recently, the electrical resistivity study in y - Ni 82 -xJ''-'.rCr !)4 (2 :« X'- 37 1 alUws Inuc shown 
resistivity minima[169, 170] around 20 K. But the interpretation of the data is found to be somewhat 
confusing. Later, in Fe-rich Fego-iNii.Cr 2 o alloys, resistivity minima[d6] are obscrvcti at very low 
temperatures which are interpreted in terms of electron - electron interaction cftects. Al,m> a high- 
temperature resistivity saturation[I07] is reported for the same alloy scries w hich is well described 
by the parallel - resistor model[9]. However, the magnctoiesistance[!71 ) of these alloy.s show 
some anomalies which could not be explained consistently with the interpretation t>f the electrical 
resistivity. 


Another aspect of these NiFeCr alloys, which is interesting, is the fact that C'r has always 
reduced the ferromagnetic anisotropy of resistivity (FAR) dra-stically. Earlier, in an extensive 
study [108], Van Elst had pointed out that addition of 10.1 at.%CrinNi ho.st dccicase.s the value of 
FAR to almost zero. Since then, there is as such no detailed systematic report on in Cr-rich 
alloys, On the other hand, the change of sign of the extra-ordinary Hall coefficient in the present 
NiFeCr alloys[172], i.e., R,=0 line, exhibited a gross disagreement with the prediction of the split- 
band model on the ternary composition diagram. Later, the deviation (though smaller) of X^-O line 
on the same diagram (where Aj is the linear - magnetostriction coefficient) confirmed the above 
disagreement[173]. 


1.3.2 Motivation 

Keeping in mind all the above facts, various measurements like electrical resistivity and galvano- 
magnehc properties are planned accordingly. The present 7 -Cuioo-iMnx ( x = 36, 60, 73, 76, and 
83 ) alloys have exotic magnetic structures at low temperatures. According to the magnetic phase 
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diagram[43] (Fig. 1.8) they are cluster glasses for x = 36, 60, and 73 with Tsg between 135 and 
149 K and are in the mixed cluster-glass and long-range antiferromagnetic phase for x = 76 and 
83 with Tsg'^ 145 and 45 K, respectively[43]. The values of p(T) are found in the range of (93 - 
197) //Hem. Thus, these alloys are substantially disordered. Electrical resistivity (1.2 - 40 K) and 
magnetoresistance till 7.5 T in both longitudinal and transverse orientations are measured in these 
7-Cuioo-iMni alloys. 

On the other hand, the 7 - Niioo-x-yFe^jCry (6<x<23;2<y<21) alloys are all ferro- 
magnetic below their respective Te’s. However, according to the earlier neutron diffraction and 
dc-magnetisation studies[49], the Cr-rich alloys (> 18 at.%) are expected to have a spin - glass 
phase as well at low temperatures besides the ferromagnetic one at higher temperatures. The 
values of the electrical resistivity in these alloys are found to be widely varying between 3 1 and 90 
pQcm, depending on the alloy composition. Electrical resistivity, magnetoresistance, ferromag- 
netic anisotropy of resistivity (FAR) and the Hall effect are studied in these alloys. 

The motivation behind these studies are : 

1 . Do resistivity minima occur in concentrated 7 - CuMn and NiFeCr alloys? If yes, then what 
are the possible mechanisms responsible for their occurrence? 

2. Is it possible to identify as well as to isolate the spin-glass (in CuMn) and ferromagnetic 
(in NiFeCr) contributions to the electrical resistivity from other contributions? It is rather 
important to find how different competing physical mechanisms give rise to the resistance 
minima. 

3. On the other hand, magnetoresistance data always provides useful information regarding 
different scattering phenomena, without which the interpretation of electrical resistivity 
remains incomplete. Hence, it is very important to check whether the interpretation of the 
magnetoresistance data is consistent with that of the electrical resistivity (p(T)) or not 

4. The motivation behind the study of FAR in NiFeCr alloys is three-fold. The first one is 
to find a correlation between the values of the FAR and the earlier observed R, = A, = 0 
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line in the ternary composition diagram. Thi.swill gi'c snii’c ustiul regard}!5| 

their electronic band structures. Moreover, this will tell us whetijcr tin' h.n.u miidelc® 
provide a satisfactory explanation for such low - FAR alUn s not Aim* n i*. \ crv twsentia 
to check the general applicability of the split-band model. The y.\'>nu) .nm is to cxpte 
possible reasons for such small values of FAR in Cr-rich alloN s, 'The las; one js to it}' to 
interpret the FAR data using the two-current conduction niodcll 1 Uh 112). 


5. The temperature dependence of the Hall effect is measured in some NiFcCr aikn s where 
resistivity minima are observed. The motivation behind this study is that the t*; Jinan 
Hall coefficient (R^ a p”) should exhibit a negative temperature dere:’,.ici.. v. ledeetmi: fe 
resistivity minima. As a matter of fact, the ordinaiy Hall coefficient (R„ f .slnmUi also havea 
negative temperature dependence, as predicted by the e-e interaction effects. 
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Chapter 2 

Experimental Details 


Sample preparation and their characterisation, cryostat design, and different aspects of measure- 
ment techniques are described briefly in this chapter. In this thesis work, measurements are carried 
out on a total of 20 samples of two different alloy series, namely 7-CuMn[l] and 7-NiFeCr[2], 
which are prepared in our institute. The cryostats and the measurement techniques used in the 
present study are designed and developed during this period. 


2.1 Sample preparation and characterization 

2.1.1 Sample preparation 

Samples of both CuMn (five samples) and NiFeCr (fifteen samples) alloy series are prepared 
by induction melting of required amount of "spec-pure" grade (5N purity) constituent elements, 
obtained from Johnson - Mathey Inc. (England). Initially the pure elements are cleaned with 
organic solvent and then etched with dilute HNO3, after which the required amounts are cut and 
weighed carefully. A water - cooled induction furnace with a maximum power of 7 kW, fed by an 
"Ajax Magnothermic Converter" (which converts the line - frequency of 50 Hz to a value between 
20 to 40 kEb depending on power consumption), is used for melting. The required elements are 
first kept in a high quality alumina crucible which is then placed in a graphite susceptor. Now the 
whole thing (graphite susceptor along with crucible) is put in a vacuum - sealed quartz mbe inside 
the furnace. The quartz tube is repeatedly evacuated to 10"^ torr and flushed with high purity argon 
gas. Finally, it is sealed after filling with argon gas at much less than atmospheric pressure. During 
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the heating process, an optical pyrometer is used to monitor the mcica'-c ui t,-" .t soon 

as the elements get melted, the furnace is turned off to coo! the melt ir. the turn*u e Hr. tunher 
homogenization, the alloy ingot is put in a quartz capsule which is llten ui’.d tiu'^hed 

with argon gas repeatedly. The capsule is finally sealed with a partial prostiu- ot .iieor. gas |a 
few mm) and put in a vertical furnace for 48 hours at a temperature slicfitls Icns than tlu* melting 
point of the alloy (for CuMn it is 900 °C while for NiFeCr it i.s 1 150 ‘C*; fur dciaiK see phase 
diagrams in Chapter 1 (Figs. 1.7 and 1.9). The ingot is then dropped fast in water tu quench it to 
room temperamre. This water quenching is very important for this kind of alloys for retaining their 
high temperature crystallographic phase (7 - phase) as well as the random .suh.stitutu>nal disorder 
without chemical clusteringfl, 2]. The alloy ingot is now swaged, cold - rolled and cut intc' varioat 
shapes for different measurements. To remove strains introduced in the cold - wvnl.ii:/ 
the sample pieces are annealed for 24 hours at 900 °C (for both the alloy serie.s) in sealed quartz 
capsules under argon atmosphere (a few mm pressure) and then water - quencficd 


2.1.2 Sample characterization 

X-ray diffraction 

The crystallographic fee phase (7 - phase) of both CuMn and NiFeCr alloy series are checked using 
the powder x-ray diffraction technique by employing a Rich Seifert Isobyeflcx 2002 diflnu tomckr 
with CuK^ radiation (A = 1.5406 A) as the source. The scanning is done from 20 = 10 to 150® 
with a speed of 1.2 degrees / minute. 


SEM and EDXA analysis 

The nominal composition of the alloys are checked by energy dispersive x~ray analysis (EDXA) 
using JEOL (model JSM 840A) scanning microscope and KEVEX (model 2003) multichannel 
analyser. The instrament is calibrated using "spec-pure" grade pure constituent elements. The 
composition is checked at several places on the sample piece. The diameter of the probe area is 
varied from (0.1 - 1 ) micron by changing the applied probe current. It is also essential to ensure 

alloy homogenization. The actual composition in both the alloy series is found within 5% of the 
minor constituents. 
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2.2 Experimental set - up 

Fabrication, associated with the installation of a new liquid helium plant (KOCH - 1400, 20 It/hr), 
had started from the very beginning of this thesis work. Later, two experimental set-ups were 
developed for measurements of electrical resistivity. Hall effect, and magnetoresistance in the tem- 
perature range of 1 .2 to 300 K. Both of them use locally - made glass dewars, where the liquid 
helium dewar is hung inside the liquid nitrogen dewar. Before starting an experiment, the vacuum 
jacket of the helium dewar is evacuated to 10~^ torn Liquid nitrogen is filled in the the outermost 
dewar and after attaining a temperature below 85 K in the sample zone, liquid helium is slowly 
transferred into the inner dewar from a 15 litre helium vessel. Enough time is allowed for the 
sample zone to reach 4.2 K and then by pumping on the He"* bath, using a high - speed Kinney 
pump, the lowest temperature of 1 .2 K is attained. 


2.2.1 Electrical resistivity set - up and measurement techniques 

The resistivity cryostat is mainly made of three parts : (1) a brass flange on the top on which 
electrical feedthroughs, liquid He-transport port and pumping ports are provided, (2) in the middle, 
a thin - walled stainless steel tube (wall thickness = 0.1 mm) is attached (soft soldered) between the 
top flange and a small bottom flange (made of brass), and (3) a sample holder with its accessories. 
In Fig.2.1, the dewars and the cryostat assembly are shown schematically. The sample region m 
the cryostat is isolated by a demountable single - walled copper can which is attached to the small 
flange using indium as a low - temperature vacuum seal. During an experiment, this region is 
evacuated first and then liquid nitrogen and helium are filled in the respective dewars. 

The sample holder is made of a solid OFHC (oxygen free high conductivity) copper (Cu) cylin- 
der (diameter(^6) = 25 mm and height (h) = 35 mm). The heater wire (manganin with Imox = 500 
mA) is wound in the middle of the sample holder (along its length) uniformly for a homogeneous 
heating of the sample (see Fig. 2.1). The sample holder is hung from the small flange by three thin 
- walled stainless steel tubes which are fixed by soft soldering. Being a bad conductor of heat, the 
stainless steel tube is very effective m preventing heat leak to the sample holder from the rest of 
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FIG 2.1. Schematic diagram of the cryostat assembly for electrical resistivity measurements. 
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the cryostat which is at a higher temperature. In addition, a thin - shinned copper stnp is attached 
in between the top of the sample holder and the small flange to reduce radiation loss. On the 
flat bottom face, the sample is mounted along with a temperature sensor (Fig.2.1). All electrical 
connections are made from 35 SWG coaxial copper wire. All copper leads are anchored first to 
the sample holder and then on a copper screw attached to the small flange (not shown in Fig.2.1) 
to prevent heat leak to the sample and its surrounding where the temperature sensor is attached. 
This is essential to maintain thermal equilibrium in the sample region. Finally, these wires come 
all the way to the top brass flange where a 25-pin female connector is used to take the leads out. 
The temperature is measured using an uncalibrated DT-470 Si-diode (Lake Shore) sensor, which 
is calibrated with aDT-450 Si-diode sensor (company calibrated) in the temperature range of 1.2 - 
300 K. The temperature sensor is mounted very near the sample so that it gives the actual sample 
temperature. 

Measurement technique 

The samples (~ 20 mm x 3 mm x 0.15 mm) are fixed using a thin layer of GE varnish (Oxford 
Instruments, England) which is a good thermal conductor as well as electrical insulator. This is 
essential for making a good contact between the sample and the sample holder for attaining thermal 
equilibrium very fast. The electrical insulation between the sample and the Cu block is checked 
repeatedly by HIL - 2105 hand-held digital multimeter so as to make sure that the resistance be- 
tween them is greater than 20 MQ. 


The electrical resistivity is measured using a conventional four - probe dc-technique. The 
probes are connected by soldering with non-superconducting Zn-Cd alloy, obtained from Oxford 
Instruments, England. In Fig.2.2, the schematic lay-out of the measuring instruments is shown. For 
measuring the electrical resistivity, a current in the range of 50 to 100 mA (with a stability better 
than 10 {jlA) depending on the sample dimensions and the thermal stability of the sample region 
is sent by a Keithley 220 programmable current source. The measurement is done in two modes. 
First one is a sweep - mode which is used for the lowest temperature region (1.2 - 25 K). Here a 
small heater current is sent by a Keithley 224 current source to increase the sample temperature 
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very slowly (rate of heatings 1.2 K per hour). During this heating the saniplc region is 

to be kept in a good vacuum (< 10'^ torr). In this mode, data arc taken at intcrv alN ot - 25 mK 
with a temperature stability of 2 mK. Hence to complete a mcasuiemeni ti!i 2." K requires more 
than 12 hours. On the other hand, the second method (a steady - state mode! is used tin the full 
temperature range from 1.2 to 300 K. The data are taken at intervals of tO. 1 - 1 ' K u iih a stability 
of (0.01 - 0.1) K depending on the range of temperature. In this mode, heating is done using a 
PID (proportional - integral - derivative) temperature controller (Lake Shore, model DRC ‘13C). 
The total time required to complete the measurements in the temperature range of <1.2- 3tK)! K is 
around 12 hours. 


The data acquisition and the temperature control is completely automated using a CIPIB interface 
card (National Instrument, USA), a PC/XT (80286), and a turbo-pa.scal progtamnic dcscinpeJ for 
this purpose. As soon as the temperature stabilises to within the specified limits, u forward current 
(+1) is sent across the sample. After a delay of 10 sec, a set of 20 data point.s for both temperature 
and voltage are received from the temperamre controller and a Kcithley 1^6 digital multimeter 
(DMM), respectively. This whole process takes about 20 sec. The mean and the .standard tieviation 
(SD) of all these data points are calculated immediately for both temperature ( mean = T < and SD 

= ar(-i-)) and voltage (mean = V+ and SD = o-yi+)). Now these mean and SD are .stored into the 

RAM (random access memory) of the PC/XT. If the temperature is stable, the .santple current is 
reversed (-1). The current reversal is needed to eliminate the effect of thermal voltages. A delay of 
10 sec is set for the reverse voltage to settle down. Again another set of 20 data points arc taken 
and the calculation of their mean and SD are carried out (mean temperature = T_ and SD = 
mean voltage = V_ and SD = avi-}) and stored in the memory. Now, if the temperature i.s still 
stable, then the final voltage and temperature are computed as 

U = (|U+l-f|V_j)/2 

T = (IT+I + |r_l)/ 2 . (2.1) 

Here the criteria for a stable temperature defined in the programme are as follows ; 

1. After the forward current measurement, cr 7 '(+) < 5T. 
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FIG. 2.2. Schematic diagram of the sample holder and the lay-out of the electrical connections for 
measuring electrical resistivity in the temperature range of 1.2 to 300 K. 
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2. After the reverse current measureinent, crC") — 

3. The final condition is |(T_ - r_)| < H’. 


Here has a preassigned vaJue which is set at the ver>’ bcginnni? of iht* o.-. > It de- 

cides the temperature dispersion within which the data acquisition is < )ncc the data 

acquisition is done, the programme will fix the next higher temrerature ii.c.. T 4 AT where A1 
has another preassigned value) and, as a result, the heater current will ht to that 

temperature. The experimental resolution, AR/R of the present data i.s belter tiian 5 m Id' where R 
is the resistance. 


2.2.2 Hall effect and magnetoresistance set - up 

In this set-up, an existing Varian V-3800 series electromagnet (poie-picce diameter = \5 inch and 
separation = 2.5 inch) is used for providing a mapetic field. Hence, tail - dewars (for both liquid 
helium and nitrogen) are made so that their lower ends (i.e., tail) can fit hetucen the pole pieces 
of the magnet. The other arrangements regarding the dewar installation remain almost the same as 
before. Here, the most crucial point is that the inner diameter of the tail of the 1 Ic ilew.t; is about 
20 mm and, hence, the cryostat as well as the sample holder have to be designed accoidinely. A 
multipurpose cryostat is fabricated for making measurements of Hall effect, numnetorosistance, 
and magnetostriction by changing sample holders only. In Fig, 2,3, the cr> ostat along with the 
dewar - assembly are shown schematically. The cryostat essentially consists of two concentric 
stainless steel tubes where teflon spacers are used to align them co-axially. The outermost tube is 
fixed between a large top flange and a small flange at the bottom (both made of brass). On the other 
hand, the inner tube is soft soldered at the top to a hollow brass tube which ultimately comes out 
from the middle of the top flange through a vacuum sealed adapter (brass), while at the bottom it is 
attached to the sample holder through a threaded brass adaptor. In this threaded adaptor, different 
sample holders can be connected to make different measurements. In this cryostat, a provision for 
changing the sample alipments with respect to the magnetic field direction is made by rotating 
the inner - tube from the top. The sample chamber is surrounded by a long thin - walled non - 
magnetic stainless steel chamber which is evacuated using indium wire seal. 
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FIG 2.3. Schematic diagram of the multipurpose cryostat assembly to measure both the Hall 
effect and magnetoresistance. 
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Foi the present thesis work, two sample holders arc fahiioalcd !o! ir.i iir;, ,iml Hi; 

effect measurements. Their design is essentially the same ami ihe% ate •,!).»’.>, n ■ 5,..-; 

Fig.2.4. The sample holders are made of solid OldlC copper iihI !■ " i-i nnn .Cj.I leie/.th tag; 
mm). For mounting the sample, the middle portion (length = 3tlmm! o! this t*u is cwtc 
make a flat face (for Hall effect a rectangular shape (,sce I’ig.2.4a) while Fn :: ,■ * • e-istar.,; 
semi'Cylindrical shape (see Fig. 2.4b)). Howcvci. both the ends (each of U 1 f' inm ' me kcpih 
the cylindrical shape where manganin (heater) wire is wound unilm mis Im homogcncnis hcasinj 
of the sample zone. At the back of the sample mounting fac 






temperature sensor. For any magnetic measurements, the use o! a caibon gia'«s umMi <i ({‘(lR)y 
the temperature sensor is preferred because of its low magnctoresisiance. In this Mi up, a CGRd 
series CGR-2110 (Lake Shore) is u.sed for temperature measurements. This is cahlu.iied agaro 
aDT-450 Si-diode (company calibrated) in the tempcratuie range of 1.2 to fv. I'oi eleclricii 
connections, 35 SWG co-axial copper wires are used which are twisted ludoic iiiscttiny into list 
cryostat. All the wires are anchored first on the sample holder and then on the hi ass adaptor f 
minimize heat leak. Finally all the leads arc pul in.sidc the inner tube and they iiltiinalcly come oil 
from the top brass tube where a 25-pin connector is altaehed to take these leads mil < li'’ 2.3). 


Measurement technique for the Hall effect 


In the Hall effect set - up, special attention is needed for making voltage * probe contacts, k 
conventional four - probe dc method is employed to measure the Hall voltage. Theoretically, the Hal 
probe should be connected on the equipotential line of the sample surface, which is cxpei imentalij 
very difficult to achieve. Hence, during the Hall effect measurements, a misalignment volt^ 
(besides the thermal voltage) always comes into play which needs to be minimised. However 
both misalignment and thermal voltages can be eliminated by reversing the magnetic field andtb 
current directions, respectively. A large misalignment voltage seriously affects the resolution of tin 
measurements, unless one makes some special arrangement to suppress it. In the prc.sent set-up, to 
voltage probes are attached with a pressure - contact using nut and screw (made of brass), as show 
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(a) Schematic view of sample holder for the Hall effect 
measurements. 
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(b) Schematic view of sample holder for magnetoresistance 

measurements. 


FIG. 2.4. Schematic diagram of the front and the back view of the sample holder for (a) the Hall 
effect and (b) magnetoresistance measurements. 












FIG. 2.5. Schematic lay-out of the electrical connections for the Hall effect nscasuieinents. 

Fig.2.4a (front view). This is adjusted laterally to minimise the misalignment voltage. A small 
groove is cut on both the sides of the sample mounting face where two fibre - glass - reinforced 
plastic (a special material developed in ITT / Kanpur) pieces are used to fix the voltage probes. The 
advantage of using this plastic material is that (1 ) its temperature coefficient of cxpan.sion is almt^ 
comparable to those of metals and this helps in retaining the contact at low lempcrature.s and (2) 
it is a good electrical insulator. On the other hand, the current probes arc connected using non- 
superconducting Zn-Cd solder. The samples for the Hall effect measurements are of dimension 25 
mm X 5 mm X 0.15 mm. It is important to note that the measured Hall voltage (V;/) depends only 
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Magnetic induction (T) 

FIG. 2.6. Plot of the Hall resistivity against magnetic induction till 1.4 T for pure Ni at 290 K. 
on the sample thickness (d) and is given by 

I Rul E 

Vh = Eyh = RnJ.B^b = Rn^B^b = ( 2 . 2 ) 

oa a 

where Rfj is the Hall coefficient, I^; the applied current, B. the magnetic induction and b the 
breadth of the sample. Hence to obtain a large Hall voltage, the sample thickness has to be reduced. 
Another important point in the Hall effect set-up is that the sample has to be properly aligned with 
the current and the magnetic field directions. In the flat Hall sample, the magnetic induction B 
inside it is very nearly the same as i^o^ext since the demagnetisation factor (a) is almost equal to 1 
(i.e., Btnt ~ Fgit - (XfJfobAa — Holigxt *t* (1 ~ oc) 



Experimental Details 


The magnetic induction (till 1.4 tesla) is applied using a Varian V-.'WKl scrR-> elccirmr.agnei 
A current of 250 mA (with stability of better than 50 fxA) is sent through the sample from a Keith- 
ley 238 high current source measure unit (SMU). The Hall voltage is mexsiircd using a Kcithley 
182 sensitive digital voltmeter (nanovoltmeter) while the sample temperature is nicasmed using 
a CGR card (Model - 9318C, Lake Shore) and a Lake Shore DRC 93C temperature controller. 
In Fig.2.5, the schematic diagram of the electrical connection with the measuring instruments is 
shown. The data acquisition is completely automated using a GPIB card (National Instrument, 
USA) and a PC/XT. Since the CGR card can only be used to measure the temperature < i.c., without 
any temperature control) and the magnet power supply does not have any IEEE interface option, the 
temperature and the magnetic field controls are done manually. The interfacing pnycramme i.s mod- 
ified accordingly. The basic principle in the programme, however, remains almost the .same as in 
the electrical resistivity set-up. After each cycle of forward and reverse currents, the measurement 
is halted (using the PC keyboard and this is included as an option in the interfacing programme) 
for sometime (~ 2 - 3 minutes) to change the magnetic field externally. After getting the required 
stable field, the measurements are resumed from the point where it wa.s stopped. The temperature 
control is done using an HP dc current source (Model 6177C) with 10 - turn potentiometer in the 
50 mA current range. The temperature stability is found to be better than 0. 1 K below 20 K and 0.2 
K above it. The magnetic field I induction is measured using an external Hall probe and an RFL 
gaussmeter (Model 912) where the stability is found to be better than 3 x I0“'‘ at 1 te.sla. 


In the present measurements, the misalignment voltage comes out to be < 1 f.iV and the Hall 
signal is found in the range of (1 to 2) juV with 250 mA sample current. Hence, to have a high 
re.solution of the data, special care is to be taken, e.g., (1) proper electrical insulation of all the leads, 
(21 electrical shielding and grounding of the whole system at one point, (3) twisting of the wires 
to reduce flux noise, and (4) proper thermal equilibrium across the sample as well as the copper 
leads used for the-Hall voltage measurements (so that no thermo-emf is generated). As a result, the 
experimental resolution is found to be better than 0.5%. Further, to eliminate the misalignment and 
the thermal voltages, the measurements are done at both forward and reverse directions of field and 
current, respectively. Finally, the Hall voltage (V jj) comes from the combination of four measured 
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voltages which can be written as 


v 1 ( iy+{+H,+I)-V.{+H,-I)) (V^{-H,+I)-V_(-H,-I)y 

^ 2 \ 2 2 


(2.3) 


where + and - signs represent the data taken at forward and reverse directions. It is important to 
note here that the sign of the Hall voltage is determined from the actual field (H) and current (I) 
directions. Alternatively, the actual sign of V/j is found by measuring the Hall voltage of a standard 
ferromagnetic Ni sample at room temperature where both ordinary (Rq) and extra-ordinary Hall 
(R,) coefficients are negative (shown in Fig.2.6, where the Hall resistivity (pfj = \h^x) is plotted 
against the magnetic induction (B)). After this calibration, the same current and field directions 
are maintained for the rest of the measurements. The observed values of RjMj for pure Ni (see 
Fig.2.6) comes out to be -1.57 x 10“'° (± 0.01) £2m which are in good agreemeiit with earlier 
data[3] (1.7 x 10“'° Qm). This certainly provides confidence in the present experimental set-up 
and the measurement procedures. Interestingly, the dispersion in the Hall voltage data comes out 
to be less than 5 nV. 


Measurement technique for magnetoresistance 


The magnetoresistance measurements are done in both longitudinal (|| B) and transverse (1 B) 
orientations at 4.2 K in magnetic inductions till 1.4 tesla (provided by the electromagnet, Varian, 
V-3800), after properly aligning the sample. The samples used here are of the dimension 14 mm x 
3 mm X 0. 15 mm. A conventional four-probe dc method is employed to measure the resistance. A 
sample current of 100 mA is sent by a Keithley 220 programmable current source and the potential 
drop across the sample is measured using a 6| - digit Keithley 196 digital multimeter. In Fig.2.7, 
the lay-out of the connections with the measuring instraments is shown. The resolution of the data 
is found to be better than 5 in 10^. The temperature of the sample region is measured using a CGR 
thermometer (Series 2110) and DRC 93C temperature controller (Lake Shore). The magnetic field 
is measured by a gaussmeter (model - 912, RFL Inc., USA) using an external Hall probe placed 
in between the pole pieces parallel to the sample holder and the poll faces. The data acquisition 
is completely automated using a GPIB interface card, a PC/XT, and a turbo-pascal programme. 
As mentioned earlier, the magnetic field is controlled manually. The measurement procedures are 
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FIG. 2.7. Schematic lay-out of electrical connections for magnetoresistance jnca.suremcnts. 

very similar to those of the Hall effect, described above. The only difference i.s that the reversal 
of magnetic field is not needed here. However, reversing the current directions is necessary to 
eliminate thermal voltage. Hence, the final voltage is calculated from the forward and the reverse 
data using Eq.(2.1). 

The high -field magnetoresistance measurements have been made using an ac-resistivity bridge 
and a 7.5 T superconducting magnet at the University of Giessen, Germany. The data were taken in 
the sweep mode of the magnet through an automated data acquisition system. The stability at high^ 
temperatures (T > 20 K) was within 0.1 K whereas it was less than 0.01 K at low temperatures 
during the 2 hours of a scan. The resolution in the data was about 1 part in 10^. 
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2.2.3 Ac-susceptibility set-up and measurement techniques 


The ac - susceptibility is measured using an existing set-up and a locally made mutual inductance 
bridge[4] The basic principle behind this measurement is that when a sample is placed in a ac-field 
(primary coil), due to the change in mutual inductance, a voltage will appear in the secondary. The 
value of the ac - susceptibility (Xac) is found to be proportional to this voltage which is given by 


dt dt \ dt J 


= -NAno 


fdMdH dH\ 
\dH dt ^ dt )' 


(2.4) 


or, 

dff 

V = -NAMXac+l)—, (2.5) 

where (j) is the magnetic flux, A the sample cross - section, B the magnetic induction, and H the 
ac-field (H = Hoe^^. 


The experimental set-up consists of glass dewars and a double walled quartz tube where the 
secondary and the primary coils are fixed. Here two secondary coils are connected in series 
opposition. This is done to suppress the signal appearing without any sample. However, a small 
off-balance voltage always remains which is balanced externally to nearly zero by the mutual 
inductance bridge[4]. It is essential to get a high - resolution off-balance sample signal which is 
generated after the sample is put inside one of the secondaries. The measurement is done in an 
ac-field of 1.5 Oe with a frequency 726 Hz in the temperature range of 1.2 to 100 K. The sample 
voltage is measured in the differential mode of a dual phase lock-in-amplifier while the temperature 
is measured with a Lake Shore DRC 93C temperature controller using a DT-450 miniature Si-diode 
(Lake Shore). The data acquisition is completely automated with a GPIB interface card and aPC/AT. 
However, the temperature is controlled externally by a Hewlett - Packard (HP) dc current source 
(Model - 6177C). 
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Chapter 3 

Electrical transport properties 


In this chapter, the electrical resistivity (p(T)) studies of 7 -phase (FCC) binary CuMn and ternary 
Ni-rich NiFeCr alloys are presented down to 1.2 K. These alloys are all substitutionally disordered 
with large electrical resistivity values (po — 100 pOcm, where po is the residual resistivity). The 
mean free path (Ig) of the conduction electrons for the present alloys[l-3], calculated from the 
relation p = nieVp/ne^le using vp (the Fermi velocity of electron) = 10® m/s and n (the carrier 
concentration) = 10“^ m“^ (taken from the Hall effect data, see Chapter 5), is found out to be 3.5 
A. This is almost of the order of the inter-atomic distance, which is in the range of (4.58 - 4.94) 
and (3.52 - 3.56) A for CuMn[4] and NiFeCr[5] alloys, respectively depending on their compo- 
sition (obtained from the X-ray diffraction study). In these circumstances, physical phenomena 
like quantum interference (QIE) and electron - electron interaction (EEI) effects in the weak - 
localisation limit[2, 6 , 7] are quite expected at low temperatures as they are generally observed in 
amorphous alloys[2]. In fact, the present p(T) data have shown resistivity minima below 30 K in 
both CuMn and NiFeCr alloy series (discussed in details later) which are quite analogous to those 
of the amorphous alloys. 

The prime motivation behind the present study is to identify the physical phenomena responsible 
for the resistivity minima and also their possible dependence on the alloy compositions and hence 
their magnetic states. Magnetic scattering will have a dominant role in the electrical resistivity of 
the present 3d alloys. A knowledge of the magnetic contribution to the resistivity by itself will 
enrich our understanding of spin - disorder resistivity in concentrated transition metal alloys. In 
addition to these, phonon contribution is also present. Therefore, it is very interesting to estimate 
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the magnetic and phonon confl-fbutions to the resistivit> at low temrcratnics besides that from 
the electron - electron interaction effects. This will help us in luuleivtandin;: the ude ot different 
competing physical mechanisms responsible for such minima. Hcte we will tlcsctihc the data for 
CuMn alloys first and then those of NiFeCr alloys. 


3.1 CuMn alloys 

3.1.1 General features of p(T) data 

High resolution, dc-resistivity data for 7 -pha.se concentrated Cuioo-^MiV alloy s ( x = .^6, 60. 73, 76, 
and 83 ) are taken in the temperature range 1 .2 < T < 30 K. As it is mentioned earlier (Chapter 1), 
7 -phase ( FCC ) Cu-Mn alloys have attracted very special attention due to their complex magnetic 
phases[ 8 , 9]. The present Cuioo-xMni alloys with x = 36, 60, 73, 76, and 83 have exotic magnetic 
stmetures at low temperatures. According to the magnetic phase diagiam[81 (see Fig. 1. 8 ), they 
are cluster glasses for x = 36, 60, and 73 with T/ between 135 and 149 K and are in the mixal 
cluster-glass and long-range antiferromagnetic phase for x = 76 and 83 with '!*/ ss 145 and 45 
K, respectively. Resistivity studies have also shown some interesting features in different regions 

f 

of Mn concentrations. Resistivity minima in dilute 7 -Cuioo_j.Mn, (x « 1 at.%) tilloy.sf 10] to 
a lready been re ported and ^;ag' interpreted as Kondo effect whereas for concentrated alloys (x >45 
at.%), only a rough estimate of the temperatures of the resistivity minima occuning around 20 K 
and depth of minima ( ) of less than 1 % have been reported by Coles] 1 1 j. 


The present p(T) data on 7-Cuioo_a:Mnx alloys (36 <x< 83) alloys exhibit minima in the range 
of 2.5 to 24.5 K with the depth of minima of the order of (0.04 - 0.33) %. In 'fable 3.1, all the 
details regarding the values of the spin freezing temperature (T/)[8], the resistivity at 1 .2 K. T«i„, 
and the depth of minima (%) are given. The present measurements are restricted to 30 K only since 
the earlier work of Banerjee and Majumdar[8] had already covered, in the same alloy compositions 
as ours, the temperature range 10 < T < 300 K. The raw data (p(T) vs T) are presented in Fig. 3.1. 
Here to get an expanded view of the minima, the plot for the alloy with x = 36 are shown till 20 K 
only whereas for the others they are shown till 30 K. It is interesting to note that the dispersion in 
the data is much less than the width of the symbols. The values of T,„i„ reported by Coles[1 1] ate 
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TABLE 3. 1 . Composition, values of spin - freezing temperature (T /), resistivity at 1.2 K {p\ 2 k)j 


depth of minimum | 


1 and T„„„ for 7 - Cu,oo- 

-xMnj; (36 <x< 83) alloys. 


1 P\ IK ) 


Cui(x)-7 

T/ 

Pi 2K 

Depth of 

Trmn 

X (at.%) 

(K) 

(pOcm) 

minimum (%) 

(K) 

36 

135 

93 

0.04 

2.5 

60 

169 

176 

0.18 

16.5 

73 

164 

184 

0.26 

16.5 

76 

145 

197 

0.33 

24.5 

83 

45 

121 

0.14 

13.5 


in good agreement with those of the present investigation, but there it is claimed that no resistivity 
minima could be observed for x < 45 at. %. However, we have a distinct minimum for x = 36. 
The resistivity values at 1 .2 K for all the alloys are in the range of (93 - 196) pQcm (see Table 3.1). 
These values differ by about 5 % from those reported[ 8 ] for the same alloy compositions. A typical 
error of this order is generally there in the measurements of the thickness of the samples and the 
distance between the voltage probes. The large values of resistivity implies that they are highly 
disordered materials where the resistivity increases with increasing Mn concentration until x = 76 
and then it drops in the Mn-rich x = 83 which, according to Nordheim’s rule, is quite expected. 
So no systematic dependence of T„un or the depth of the minima on alloy compositions has been 
found. However, correlations between the value of the resistivity with T,„,„ and the depth of the 
minima have been observed. They show that the increasing value of resistivity shifts 'Irnm to higher 
temperatures with higher depth of minima. On the other hand, more and more disorder introduced 
by varying the composition of any alloy system will increase the value of resistivity. Hence it may 
be concluded that the increasing disorder in alloys can enhance the values of T^tn as well as the 
depth of the minima. In Fig. 3.2, we have plotted them against the residual resistivity and found 
approximate linear relations in both the cases. 



1.0035 


1.0025 



1.0015 



1.0005 


0.9995 


FIG. 3.1. Plot of the 
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FIG. 3.2. Plot of the dependences of T„un and depth of minimum on the values of the residual 
resistivity of the alloys. 

3.1.2 p(T) for 1.2 K <T< 

Now we shall examine the various physical phenomena which could describe the resistivity be- 
haviour below minima in Cuioo-.xMnT; alloys with x = 60, 73, 76, and 83. The alloy with x = 36 
has shown a minimum at 2.5 K. To find the functional dependence of the resistivity of this alloy in 
the temperature range below Tmin, measurements have to be done much below 1.2 K which is not 
accessible to us. So we could not analyse the data of this alloy below T^m- However, from the 
analysis in the temperature range of T > T„un, we have tried to find a plausible dependence of the 
resistivity below T,ni„. In dilute crystalline alloys, according to the Kondo effect[10] (discussed in 
details in Chapter 1), the decrease in resistivity with increasing temperature below minima follows 
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the relation 


p[T) = fh) - miniTl. 


Later, theoretical studies of spin-fluctuations in dilute alloysli:! have shown that the tcMstivity t 
very low temperatures below the Kondo minima goes as /XTl = , vt - m'' . ( )n the eontt at > . Un highly 
disordered systems, the observed VT dependence of resistivity heUnv minmw i^ yeneiaUv inter- 
preted in terms of the electron-electron interaction effects in the ptcscircc t>f weak h 'ca! isuf ionfh. 7], 
This theory considers the phase coherence of two electrons both gettiitg localised ihtouph clastic 
impurity scattering. The correction to the electrical conductivity. A*7, due to the clcctron-elcctron 
(e-e) interaction effect (according to Eq.(l .23)) goes as 

cr(T) = (To -f Aa = (To 4- (3.2) 


where 

_ 1.3e^ r4 

™‘’ " 13 “ r’i p 

Here is the screening constant for Coulomb interaction and D is the diffusion constant. Earlier 
studies[2, 13-16] on metallic glasses and concentrated crystalline alloy.s had .shown a ncar-universd 
value of rria which is 6 (CtemK'^^)"*. The present alloys are very concenttaled and higldy resistive, 
and thus it is very unlikely that they will behave as Kondo alloys. Moreover, the /HT) plots (fag.3.1) 
below T,„i„ in the present alloys go much slower than linear (concave upwards) which can in noway 
be described by - BT^ (convex upwards), as predicted by the spin-fluctuation theory (12). On lie 
other hand, they are highly disordered and so the increase in resistivity below T„„„ may very well 
be attributed to the e-e interaction effects[l, 6]. For convenience, in the present analysis, Eq.(3.2) 
has been modified from conductivity to resistivity as 

p(T) = po + mp\/T, (3.4) 

where 

rrip = ' (3.5) 

assuming m^poVT « 1 and so all the higher order terms of \/T are negligible in Eq.(3.4). Whether 
it is the Kondo effect or the interaction effect, they all occur at temperatures much below Tminll> 
2] and hence the temperature range is chosen as 1.2 K < T < T,„i,/3 in the present analysis. In 
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TABLE 3.2. Composition, values of parameters along with x^ for fitting the data to Eq.(3.4) in 

the temperature range between 1.2 K and T „ n „/3, and calculated values of m^, and density of sates 

(N(Ep)) 

E-U j oQ — 

X (at.%) 

Po 

(/ieQcm) 

nip 

/ /jQc?n \ 

{ J^l/2 ) 

(10“'°) 

m^ 

((ficmA'/^)-!) 

N(Ei.) 

(10°^ erg“'cm“^) 

60 

176.0 

-0.15 

0.4 

4.8 

1.4 

73 

183.7 

-0.23 

1.7 

6.8 

2.6 

76 

196.4 ■ 

-0.24 

2.0 

6.2 

2.0 

83 

120.1 

-0.08 

2.5 

5.6 

2.6 


this range our data have been fitted to both Eqs.(3.1) and (3.4). It is found that the value of the 
normalised of th® fit to Eq.(3.4) is an order of magnitude less than that to Eq.(3.1) for all the 
four samples. Here the normalised been defined as 4 The typical values 

^fxt 

of are 1 X 10~^ and 1 x 10“'° for the ln(T) and vT fits, respectively. The plot ( not shown 
) of the deviation between the raw and the fitted data (praw - P fit) with temperature for the ln(T) 
fit (Eq.(3.1)) describes the systematic trend whereas for the y/T fit (Eq.(3.4)) it is found to be 
random for all the alloys. This random nature of deviation can also be considered as a test for 
the goodness of the fit. Thus it is clear from the above discussion that the present data fit better 
to the VT dependence of resistivity. The details of the fitting parameters with the values of x^ 
are given in Table 3.2. The coefficient of the VT term, i.e., m^, in these alloys lies in the range 
((-0.08) - (-0.24)) /iOcm/K'/^. The calculated values of (using Eq.(3.5)) are 4.8, 6.8, 6.2, and 
5.6 (Hcm/i */^)"' for x = 60, 73, 76, and 83, respectively and they are in very good agreement with 
the near-universal value of 6 (HcmK'/^)"' [2, 13, 14], A recent study on the electrical conductivity 
of Fe-rich FeNiCr system[15, 16] below T,tii„/ 2 also found a y/T dependence but the values of mj^ 
are larger than the near-universal one. 

According to the generalised Einstein equation! 1], the resistivity is related to the density of 
states at the Fermi level, N(Ef), and the diffusion constant, D, by 
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On the other hand m<, is related to D by Eq.l3.3). So the %ahie id N' I'; > . an hr rNtinnik-d froir, 
Eq.(3.6). Taking =0, the values of D. calculated fiom Hi{.t 3, aie falhtjp belwecn itt i 5 - 0.24: 
cmVsec. Hence the values of N(Er-). obtained from Eq,(3.ftJ ami using iCMdual .rMs':'. it} values 
from the fitting parameters, are in the range of ( 1 .4 - 2.6) x H)’" cjp 'em An cm Her ‘•pccific h« 
study[17] on CuMn had shown that the alloys under the present investigation have then elceironk 
specific heat coefficient ( 7 ) of the order of 10 mJ/nioleKl Thus the value of NtF.f ), calculated 
from 7 using the free-electron theory relation, NfE/.-) = 3 yn-*/v| is 2.2 « erg 'em This 


shows that the values of the density of states, obtained in the present work, agree well with te 
calculated from the experimentally obtained electronic specific heat coefficientll7|. So a good 
estimation of the density of states at the Fermi level can certainly be made from m,,. Hence a yff 
dependence of the resistivity in the temperature range below minima, interpreted as coming froi 
e-e interaction effects, is well justified here in these concentrated CuH 1 c»..Jr^^^f alloys. On the oths 
hand, the Kondo effect gives a better description of the resistivity bchavioui below minima in the 
dilute regime of this binary alloy system[l OJ. Therefore CuMn is an unique alloy sy.siein w'here te 
resistivity minima can be described by both the Kondo and the e-e interaction effects depending oa 
the concentration regime. 


3.1.3 p(T)forT^in/3<T<30K 

The analysis of p(T) in the temperature range T„»i„/3 <T< 30 K is presented below. Since %■ 
36 is a rather concentrated alloy with a strong disorder (p (1.2 K) = 92.8 /iOcm), one can expect 
the e-e interaction effects to be responsible for its resistivity minimum as it has already to 
observed in the case of alloys with higher Mn concentration in the present investigation. Besidet 
the e-e interaction effects, one also expects contributions to the measured resistivity from otiis 
competing effects. Phonon contribution, however small it might be at low temperatures, is alwayi 
present. In addition, the effect of cluster-glass type of magnetic order of the present alloy systeffl 
will have sufficierit magnetic contribution to the resistivity. So the measured resistivity, assumi^ 
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FIG. 3.3. Plot of B (coefficient of the magnetic contribution) of Eq.(3.9) vs Mn concentration, x, 
in Cui(x)_^Mn.c alloys. 


Matthiessen’s rule, is the sum of all those contributions given by 

p(^) ~ Po "h Pmteractioni,'^') "h PphononiT) "I" Pmagnettci^) t 


(3.7) 


where po is the residual resistivity. For phonon contributions, we have taken the standard Bloch - 
Griineissen relation 


Ppho 


r^o/T 




z^dz 


(3.8) 


•.OdJ Jo (e* — 1)(1 — e~*)’ 
where A is a constant and is the Debye temperature. At very low temperatures (much below the 
spin-freezing temperature, T/), magnetic contribution to the resistivity arising from the scattering 
of conduction electrons by the spin-diffusive modes in spin / cluster glasses, is proportional to 
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as proposed by Rivier and AdkinsllS]. Later Hschcil ! a dt I ‘ TL' ■ ‘ . fi. ('>(). 

type of dependence of resistivity at low tempeiatiucs (Y < T- > In tins nioJrl. tl.c scattering 
conduction electrons by the low-energy spin excitations along w nh the Malic disci dci o! „„purih 
spins was considered. So the final expressions for the resistivit) he. cma 


and 

p{T) = po + m',Vf+BT^-CT^^^ + AQ-'j ,• n' 

The values of Od for x = 36, 60, 73, 76, and 83, taken from earlier repnris{K), arc .325, .305, 305, 
325, and 360 K, respectively. First we have fitted the data to Eq.(3.0) and found that they fit vety 
well and the normalised value of of the order of 1 x 1 O' is consistent with out experimental 
accuracy. All the details of the fit are given in Table 3.3. On the other hand, titling to f*q,(3.10) 
gives unphysical signs to some of the parameters for all the alloys. The above findings show 
conclusively that the T^^^ type of magnetic contribution along with pn, lattice and c-c interaction 
effects give the best description of the resistivity in the temperature range between T,nuiL3 and 
K. But the high-temperature (T > 30 K) resistivity study by Baneijec and MajunuiarfKJ found the 
(BT^ - CT^/^) (B, C > 0) type of magnetic contribution in the .same alloy compositions. I'hey hai 
interpreted the data in terms of the diffusive spin excitations as the dominant source of electron 
scattering. According to Fischer[19], (BT^ - CT^/^) type of magnetic contribution is valid in die 
temperature range where the Kondo effect is negligible. This certainly indicates that it is applicable 
at sufficiently high temperatures above the resistivity minima. It was also shown that instead of 
(BT^ - CT^/^), a T^/^ type of magnetic contribution arises due to the ferromagnetic clusters in 
spin glasses at temperatures well above minima. However, in CuMn binary alloys the clustcn 
are predominantly antiferromagnetic. On the contrary, the magnetic contribution of type, as 
suggested by Rivier and Adkins[18], have their effects in the resistivity at low temperatures (T « 
T/)[20] where resistivity minima are generally found. Therefore both T^/^ (Rivier and Adkins, 
T«T/) and (BT^ - CT^/^) or T^^^ (both Fischer, T<T /) type of contributions to the resistivity may 
be expected at different temperature regions in the same alloy compositions where minima ooint 
at temperatures much below T/. Hence the earlier findings[81 of (BT^ - CTT^/^) type of dependence 
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TABLE 3.3. Composition, values of parameters and for fitting the data to Eq.(3.9) in the 

temperature range between 'IrmJ'i and 30 K. 

CUioO— 

X (at.%) 

Po 

(pQcm) 

/ fiO-cm \ 

V Ki/2 ; 

B 

/ nQ.cm ^ 

V /<3/2 ; 

A 

(pHcm) 

(lO-’*^) 

36 

92.9 

-0.05 

5.5 

11. \ 

4.7 

60 

176.2 

-0.23 

4.9 

27.5 

1.1 

73 

183.9 

-0.40 

8.0 

29.2 

1.7 

76 

196.6 

-0.35 

4.2 

81.0 

0.3 

83 

120.1 

-0.13 

3.2 

482 

8.2 


above 30 K in concentrated CuMn alloys where T^tn — 20 K are quite justified. Another study 
by Ford and Mydosh[20] had found a type of magnetic contributions in Cujoo-xMnx alloys 
with x< 1 1 at.% and also in AuCr, AuMn and AgMn systems. There the temperature range of 
the fit was 1.5 K < T < T//4. The temperature range of the present measurements, 1.2 < 
T < 30 K, is below T//4 (except for the alloy, x = 83, with T/ = 45 K) and this agrees with the 
range of study of Mydosh and Ford. One interesting point, to be noted from the present findings 
in concentrated CuMn alloys and also from the earlier report by Ford and Mydosh[20], is that the 
magnetic contributions of the type T^/^ (Rivier and Adkins) are observed in spin glasses only at low 
temperatures, generally below T //4. The coefficient B of the T^/^ term, according to Rivier and 
Adkins[18], should have dependence on the magnetic impurity concentration. Earlier resistivity 
study[20] on Cuioo-iMn^ with x < 1 1 at.% had shown the dependence of B on x. In our case no 
systematic dependence of B on x has been found (Fig.3.3). But the values of B obtained here are 
in the vicinity of (3.2 - 8) (nfl)cmK"^/^ which agrees with 7.7 (nn)cmK“^/^ for the Cu 90 3 Mn 9 7 
alloy[20]. 

In Fig.3.4, we have plotted the individual contributions to the resistivity from magnetic, phonon 
and e-e interactions along with the fitted (sum of all the contributions) and the raw ( Ap = p(T) - Po ) 
data. Here the fit is so good that the raw and the fitted data are indistinguishable. Moreover, the fits 
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FIG. 3.4. Plot of magnetic 
along with the raw data and the fit 


phonon and electron-electron interaction (- contributions 
to Eq.(3.9) vs temperature for the alloy with x = 76. 
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seem to be independent of the detailed magnetic state of the alloys, although the cluster-glass phase 
is common to all of them. Below T,ni„/3 the magnetic and phonon contributions are so small that 
it is enough to consider the contribution from the interaction effect only, besides po- The typical 
values at 8 K for phonon, magnetic and interaction contributions are 2 x 10”^, 1 x 10~* and 1 
(all are in /LiOicm), respectively for the alloy with x = 76. At still lower temperatures the values 
of phonon and magnetic contributions are much smaller compared to that due to the interaction 
effects. This can be seen in Fig. 3.4. Therefore the choice of T,to„/ 3 as the upper limit in the low 
temperature analysis is quite justified. It is to be noted here that the VT contribution due to the 
interaction effect should ideally have the same coefficient for both ranges of temperature (1.2 K < 
T < T„„„/3 and T„„„/3 < T < 30 K). That is why we have chosen to fit the resistivity rather than 
the conductivity in the 1.2 K < T < T„„„/3 range. The values of m'p (see Table 3.2) are in good 
agreement with those of m^ (see Table 3.3) considering the fact that the former is obtained along 
with the residual resistivity, phonon and magnetic contributions in the temperature range Tmin/3 

< T < 30 K whereas m^ is obtained along with only the residual resistivity in the range of 1.2 K 

< T < T„ii„/3. The values differ in the two cases by about only 60 % and this is quite reasonable 
with so much of variations in the range of temperatures and the fitting parameters. For x = 36, 
the calculated value of m<^ from the value of mj, using Eq.(3.5) ( replacing m^ by m^ ) is 6.37 
(£ 2 cm/tr '/^)“' and it is found to be almost equal to the near-universal value of 6 (Qcm/C*/^)”'. 
Hence the resistivity minima in the present concentrated Cuioo-iMni alloys (x = 36, 60, 73, 76, 
and 83) are well described by the electron - electron interaction effects. 

3.2 NiFeCr alloys 

Detailed resistivity measurements in concentrated Ni-rich 7 - Niioo-i-j/FexCrj, (8 < a; < 17.5, 8 

< y < 21) ternary alloys are also made in the temperature range between 1.2 and 290 K. Recently, 
the study on the quasibinary Fe-rich Feioo-iNia;Cr 2 o (14 <x< 30) alloys has clearly shown VT 
dependence of resistivity well below the minima[21] at low temperatur^< 10 K) whereas at high 
temperatur^( T > 300 K)[22] they exhibit a tendency towards saturation. This is quite amazing, 
especially when both the effects are observed in different temperature regimes in the same crys- 
talline alloy. On the the other hand, in the Ni-rich side of NiFeCr alloys, Butenko et al.[15, 23] 
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TABLE 3.4. Sample designaUon ot the ally's h ihr’;: • .] 
perature (TJ, spin-freezing temperatiuc fl -n 'a'/.u* 
minima, and ApfpmK 


'r- " C'af:e;£7. 

. I. depiV:; 


Sample 

Alloy 

T, 

Tf 

; 1 

1. .... 



Designation 

Composition 

tK) 

(K) 


‘K- 



S28 

NitsFcnCrg 

543 

* 

5H,! 


II 

u 

S29 

NhsEe^Crn 

365 

- 


14 

M 10 

4.9 

S33 

NifigFcn.sCrw.s 

320 

- 

‘>2.4 

15 

0 1 ! 

4.1 

S34 

Ni73Fei3Cri4 

315 

- 

75.H 

,*5 5 

(t 2n 

3.7 

S48 

NLoFenCrig 

179 

- 

71.8 


ilH'i 

3.1 

S41 

Ni73.5FegCri8.5 

44 

9 

76.0 

27 

o..v; 

3.2 

S47 

Ni7iFegCr2i 

48 

14 

80.0 

m 4n> 

0,41 

4.3 

S50 

Ni72FegCr2o 

60 

7 

83.7 

10 

0.!‘> 

5.9 


have found resistivity minima, but their results do not show any cuncIiKiN c r\ i Jcjn e for the orif 
of the minima and the nature of the spin - disorder resisti\ ity. Hcncc, if wdl Ik* vt'jy itucrestini' 
study both the resistivity minima as well as the saturation in the present Ni-iich Nif-cCr alloys. 


3.2.1 Magnetic state of NiFeCr alloys 

The designation, composition and transition temperature of the alloys studied here are given int^ 
ble 3.4. For convenience in presenting the results, the alloys will be referred by their designate 
It has been found that metallic alloys with mixed ferromagnetic and antifcrromagnetic exchaaf 
interactions have shown, in different temperature regions, several interesting magnetic 
within the same crystallographic phase, e.g., paramagnetic, ferromagnetic or antiferromagnefc 
re entrant spin glass, mixed phase of spin glass with long-range ferromagnetic or antiferromapdK 
ordenng. The present 7 -NiFeCr ternary alloys belong to this category where Ni-Ni interactiot 
erromagnetic whereas Fe-Fe and Cr-Cr interactions are both antiferromagneticl24J. Earfe 
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FIG. 3 . 5 . Temperatu 
S 47 (Ni7,Fe8Cr2,), ai 


;eptibility (Xac) for alloys S 41 (Ni73 5Fe8Cri8.5), 
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•.-. :• y. r.ik ;'ir,t'ran‘,t:f; 
../'■•.r 1,-tni '.rmptn;,' 


1 .j!!*')' Nj-itItfCri 


neutron diffraction and niucnvti^.’-.r i*:- 

of exotic magnetic phases in Ni lu h ■' Ni .. ^ 

temperature regions. Accouitt^j’. to then •'tnd. !’tf . 
transitions below 1(X) K and then U> a le-cn!!.?*’’! *.] ! 

in some of the present alloys[26| with l<'u4 j cnnen? 
tron ferromagnetism with ferromagnetic (*mtr U-mprT..' '.:r. i 

whereas there are no data on the T, 's tor the all.'v*. with hr.'h i 
it was clear that Tr dccieu-scd with ir.cK’.i''!');’ C t m this 
(S4l),Ni72Fe8Cr2o(S50),andNi7!Fe*Cr:5 (H47t ate \n> ?■> fne ^,<’5*.'’' ^taairdhy Stoteh 

etal.[25]. So in addition to their ferromagnetic slate, it i^ set ) hkcl]. tli.jt thrtr s'' a 'pin 
in these alloys at lower temperatures. Linear ;ic-suseep!il»li!> i ) i nuM**!!: rnirf!?** h.s\e beenstts 

on the above four alloys just to find their loW' icmreMtut.- in.ijtr.rtK *4a5e^ » , t:uM'>uteinei'.l‘'. 

1.2 K in alloy S48 do not show any spin-gkbs transition. Since t Jangs o|',;,1h,r< .t> a ct |2t']h, 
found To at 179 K for S48, we have not gone above ItlO K. Ihi the «ithcr hand. mcasuremstiB'; 
the rest of the alloys have distinctly shown a .second magiuiiv tsen .:!ii to .j .psii /'..on slate bek- 
20 K besides the ferromagnetic one. In Fig.3.5, the plots of the ,ihMt:u!e values of * tin arte 
units) versus temperature for alloys S41, S47, and S50 are shown. I cio'in.i/ucin' n.'.n'-itiur. T 
for alloys S41, S47, and S50 is found at 44, 48, and 60 K. fespcctivelv while the second trteisK 
(T/) occurs at 9, 14, and 7 K, respectively. In Table .1.4, the values of 'IV tor Jdl the alloys »'■ 
T/ for only alloys S41, S47, and S50 arc given. Here the values of T, foi alloys S2H, S29, S31 
S34, and S48 are taken from an earlier report[26]. On the Fe-rich side of Fe*ft. ^NijrCfjo 
detailed magnetisation study[27] had shown antifcrroniagnctic, spin-glass, mixed (spin glass 
long-range ferromagnetic ordering), and ferromagnetic phases in different regions of compositfe 
and temperature. But in the present Ni-rich NiFeCr alloys, we could not detect any long*rs^ 
ordering in the mixed phase from Xoc measurements. This needs detailed mca.su rements ot^ 
magnetization. 


3.2.2 General features of p(T) data 

High-resolution dc resistivity data for Ni,oo_x-j,Fe,Crj, (8 < a: < 17.5, 8 < p < 21) alW 
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FIG. 3.6. Temperature dependence of the resistivity normalized to its value at 290 K for alloys 
S28, S29, and S50. 
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FIG. 3.8. Plot of the 
S28, S33, S48, and S 
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3.2 NiFe Cr alloys 


('Ia!>}e 3.4) were taken between 1.2 and 290 K. Distinct minima have been observed in all the 
aliens. In Mgs. 3.6 and 3.7, plots of the resistivity normalized to their values at 290 K are given 
tor all the eight alloys. To get a better view of the resistivity minima, low-temperature resistivity 
data normalized to their values at have been plotted till 40 K in Figs. 3.8 and 3.9. It is very 
inteicsting to note that the dispersion in the data is less than the width of the symbols. is found 
between 7 and 35 5 K and the depth of minima (DOM) ( ) between 0.05 and 0.37%. 

The values of resistivity at 1.2 K (pi zi<), T,„i„, DOM, total change in resistivity, and ApIp^ooK 
[Afi = /Mi)uK - where = resistivity at T^tn) are given in Table 3.4. The high values of 
the electrical resistivity at 1.2 K imply significant disorder in these alloys. It is very difficult to 
get any systematic dependence of T,„„i or DOM on composition of the present alloys since all the 
constituents vary. But like the concentrated CuMn alloys, linear dependences of T^m and DOM on 
the values of the resistivity have not been found here. This may be due to the fact that the variation 
in tine resistivity in the present series is found to be v^ry^small, about 34 /itiem, compared to that 
for the concentrated CuMn alloys where it is about 102 /ufliem. However, a correlation between 
Apipxmh with T„i„, and DOM has been found here. In Fig. 3.10, the plots of DOM and Tmin with 
Aplpxmh shown for the present series and some of the Fe-rich FeNiCr alloys[21]. It shows that 
for large values of ApIp^^K (> 1 5 %), T,,,^ and DOM are almost constant whereas a sharp rise in 


imiiiiii 




their values are observed for low values of ApIpmK (< iO %). 


lb get an overall view of the temperature dependence of the resistivity, the temperature derivative 
(dp/dT) has been calculated from T„ii„ to 290 K. In alloys S28, S29, S33 (shown in Fig. 3.11), 
S34, and S48, the plots of dpJdT vs T show a continuous increase with temperatures till about 200 
K while they retttain constant in the temperature range of 200 to 290 K. The increase till about 
200 K is due 10 the contributions to the electrical resistivity which vary faster than T whereas the 
linear phonon term is responsible for the constant value of dp/dT above 200 K. On the other hand, 
dp/dT in alloys S41 and S47 (T,’s are 44 and 48 K, respectively) exhibits a continuous rise till 
about 100 K and then it remains constant till 250 K (as in S33, Fig. 3.1 1). Beyond 250 K there is 
a decrease in d/>/dT indicating a tendency towards saturation (not shown). The decrease in dp/dT 
is maximum in alloy S50 where it shows a sharp peak at 40 K. In Ftg. 3. 11, typical plots of dp/dT 
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3.10. Dependence of the depth of minima and Tmm on Ap/ p(300 K) of all the present alloys 
he Fe-rich Feioo-a^Ni^Crso (14 <x< 30) alloys (Ref.[21]). 

mperature are shown for alloys S33 and S50 (inset). 

3 /o(T)forT> lOOK 

e temperature range of 100 to 290 K, the resistivity data of alloy S48 and the low-Cr (< 16 
) alloys (S28 - S34 in Table 3.4) show two distinct regions of temperature dependence. Above 
K, the linear temperature dependence is ascribed to the high-temperature electron-phonon 
action where p(T) is given by 




dp/dT ( 10 ^ pncm 


93 


3.2 NiFeCr alloys 



FIG. 3.11 . Plot of the first derivative of the resistivity with temperature for alloys S33, and S50 
(inset). 


dp/dT ( 10"^ pQcm 
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p(r) = po + A,r. (3.11) 

The presence of only the phonon term above 200 K (200 - 290 K, see Table 3.5) in the resistivity 
of alloy S48 is quite reasonable because its Tc is only 178 K. But in the low-Cr alloys where Tc’s 
are in the range of 320 to 543 K, magnetic contribution along with that of phonon is really what is 
expected. However, fitting the data for the low-cr alloys in a limited temperature range only (see 
Table 3.5) to Eq.(3. 11) gives normalized defined as ^1]^, , of the order of 1 x 10"'° 

f lit 

which is consistent with our experimental resolution. In the intermediate temperature range of 100 
to 200 K, magnetic contributions have to be considered. Kasuya first gave a qualitative description 
of the temperature dependence of Pmag considering the molecular field approach[28] and the spin 
- wave description [29]. But this seems to be valid only at very low temperatures compared to Tc- 
Later Goodings[30] has found p^ag oc T^ considering scattering of conduction electrons by both 
localised and itinerant electrons. He has also shown in his calculation that the coefficient of the T^ 
term is of the order of 10"^ pQ-cm K~^. In the present weak itinerant ferromagnetic alloys[26], 
magnetic contribution should certainly have a T^ type of dependence. In addition, the present 
temperature range of 100 to 200 K is near 0 d/ 2.5 = Debye temperature) where Od’s for these 

alloys are around 380 K[31]. Hence only the high-temperature phonon contribution is expected. 
Thus p(T) can be written as 


p{T) = po + BiT^ + AzT, (3.12) 

where Bi and A 2 are the coefficients of the magnetic and phonon contribution terms, respectively. 
Fitting the data for alloy S48 and all the low-Cr (< 15 at.%) alloys to Eq.(3.12) is found to be very 
satisfactory resulting in normalized of the order of 10"'°. The values of the coefficients and the 
normalized along with their range of fits are given in Table 3.5. The most important feature of 
these fits to Eq.(3.12) is that the coefficient of the T^ term (Bi) comes out to be of the same order 
as the theoretical value ( 10"^/j.Dcm K"^)[30]. This is the only ternary alloy system reported where 
such a good agreement is obtained. Moreover, this finding certainly indicates that the magnetic 
contribution is arising from the combined s-s and s-d scattering. Recent studies on Fe-rich FeNiCr 
alloys[21 ] have found unexpectedly two orders of magnitude higher values of Bi. 
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On IIk contiiiiy, iCvSistivity data of alloys S4I and S47 have shown a linear temperature depen- 
dence almost from 100 K onwards till about 250 K. Since these alloys have their Tc’s around 60 
K, one does not expect magnetic contribution in this range of temperature. Very good fits of the 
lesistivity data of alloys S41 and S47 to Eq.(3.1 1) have been obtained between 140 to 250 K and 
between 100 to 220 K, respectively. The details of the fitting parameters along with the ')^ values 
aie given in lable 3.5. However, no such linear dependence has been observed in the resistivity 
of alloy S50. This is quite obvious from Fig. 3.6 where the resistivity of the alloy S50 shows 
a tendency towards saturation right from 40 K onwards. In alloys S41 and S47, similar kinds of 
belKU'iour of the resistivity saturation have been found at relatively higher temperatures of around 
270 and 230 K, respectively. It is not possible to analyze the data for the resistivity saturation in 
the alloys 541 and S47 due to the limited range of high-temperature data. Hence we shall try to 
analy/.e the data for alloy S50 only in the temperature range of 100 to 290 K. Wiessmann et al.[32] 
have successfully proposed a model for resistivity saturation where they describe the resistivity of 
highly liisordeied materials in terms of a "parallel - resistor" model. Here the Blotzmann transport 
channel acts in parallel to a non-classical one resulting in 

4^ = 4- + ^, (3.13) 

p(r) psat Pi \Tj 

where is the saturation resistivity and pi(T) = po + AiT at higher temperatures. Fitting the data 
for alloy S50 to Eq.(3. 13) between 100 and 290 K gives a value of Psat much smaller than po which 
is not physically possible. Thevalueof the normalized is coming of the order of 5 x 10“® which 
is much larger than our experimental accuracy. So the fit to Eq.(3.13) is not at all satisfactory for 
S5(). 'I'he value of saturation resistivity (p,at) can be written[33] as p,at = where na^ 

= a. Here a is the lattice constant and n is the electron concentration per unit volume. Taking a 
= 3.55 A[5] and n = lO^^ m"^ psat comes out to be about 163 nQ. cm which is large compared 
to its resistivity at room temperature. So it is quite obvious that one has to go to much higher 
temperatures to observe saturation. 
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TABLE 3.5. Sample designation, range of fit, fit functions, their fitted parameters, and normalised 



Sample 

Range 

Fit of 

Po 

Ai 

B, 


Designation 

of Fit 

P(T) 

(/iOcm) 

(/A2cm K“*) 

iliLlcm K”^) 



(K) 

to 


(10-2) 

(10-*') 

(10-*0) 

S28 

250 - 290 

Po + AiT 

56.6 

2.7 


2.2 


90 - 230 

Po + AiT + BiT^ 

58.0 

1.5 

2.3 

5.2 

S29 

240 - 290 

Po + AiT 

88.4 

2.1 


3.1 


120-220 

Po + AiT + BiT^ 

88.8 

1.6 

1.0 

6.2 

S33 

220 - 290 

Po + AiT 

91.2 

2.0 


1.3 


100-200 

Po + A,T + B,T2 

91.5 

1.6 

1.0 

3.1 

S34 

220 - 290 

Po + A,T 

74.5 

1.3 


1.7 


110-200 

Po + AjT + BiT^ 

75.2 

0.7 

1.7 

6.1 

S48 

200 - 290 

Po + AjT 

70.9 

1.2 


0.7 


90-170 

Po + AjT + BjT^ 

71.1 

0.9 

1.2 

1.7 

S41 

150-270 

Po + AiT 

74.9 

1.0 


2.8 

S47 

100-230 

Po + AiT 

79.0 

1.5 


5.5 
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3.2.4 /K'l’) ibr <T< 2T,„,-„ 

In thi.'v fcmperature range, special attention has to be paid to get a more exact picture of different 
competing physical phenomena responsible for the resistivity minima. In this range the alloys with 
both high as well as !ow-Cr content aic all ferromagnetic. Hence magnetic contribution of the type 
1% which has already been observed in the high temperature (100 to 200 K) resistivity of alloy 
S48 and Unv-Cr alloys (< 16 at. %), should be present here. Besides this, the usual electron- 
phoncm scattering will have their low temperature contribution to the resistivity. According to 
the Bloch-Cjii/neissen foimula, the phonon contribution to the resistivity in the low-temperature 
limit will have a dependence. Later on Wilson[34] modified the above relation considering the 
s-d scattciing in addition to the s-s one and found a dependence in the low-temperature limit. 
However, both the models give a linear dependence at high temperatures. Phonon contribution of 
the type l ’ is certainly expected in the present alloys where all the constituents are 3d metals. In 
additiotr to ilrcse, the physical processes responsible for the increase in resistivity with decreasing 
temperature below minima will have dominant contribution to the resistivity in this temperature 
range. Detailed anal>si.s on the resistivity below T„v„i ( given in the next section ) has shown very 
conclusively that the e-c interaction effects in the weak localisation limit is responsible for the 

mininta where ir'/f). So the resistivity, assuming Matthiessen’s rule, can be written as 

■■ 

P{T) = l)0-¥t\nt{T)+Pmag{T) + Pp, lonoTi (T) 

= Po + J”', n/T + BiT^ + A3^^ (3.14) 

In the concentrated CuMn alloys, the phonon contribution is found to be negligible compared to 
those from the magnetic and e-e interaction effects in the same temperature range. Hence neglecting 
the phonon term, Eq.(3.14) can be written as 

p{T) = Po + iK^ + B2T\ (3.15) 

Nevertheless, we have fitted the data to both Eq.(3.l4) and (3.15) for all the alloys. Fitting to 
Eq.(3. 1 4) hiLS re.sulted in an unphysical sign of A,. This is quite common in such fits wtth a large 
number of parameters. However, a fit to Eq.(3.15) was found to be very satisfactory for all the 
alloys. But the resulting values of the coefficient of the magnetic contribution (B,) are an order 
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TABLE 3.6. Sample designation, range of fit, values of fitted parameters, and normalised for 
Eqs.(3.16) and (3.15) for alloys with low (< 15 at. %) and high-Cr (> 18 at. %) contents, 
respectively. 


Sample 

Range 

Po 

K 

A3 

B2 


Designation 

of Fit 

(//.Qcm) 

(//.Ltcm K-'/2) 

(/tQcm K-2) 

K-2) 



(K) 


(10-2) 

(IO-‘) 

(10-^) 

(10-'°) 

S28 

2-15 

58.2 

-2.4 

30.5 

- 

2.3 

S29 

5-25 

89.7 

-4.2 

8.3 

- 

4.7 

S33 

5-25 

92.4 

-4.5 

6.6 

- 

2.2 

S34 

12-60 

75.9 

-4.0 

0.6 

- 

1.2 

S48 

9-35 

71.7 

-4.9 

2.8 

- 

5.9 

S41 

11-40 

75.9 

-8.9 

- 

16.8 

5.0 

S47 

10-35 

80.1 

- 12.8 

- 

30.0 

8.8 

S50 

5-15 

83.8 

-15.1 

- 

119.7 

4.4 
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of inagnuude higher than those obtained at higher temperatures (Bi) for S48 and the low-Cr (< 
1 5 at. ,^r) idloys and also in the calculations by Goodings[30]. Earlier resistivity measurements on 
puie be, Ni, and Co by White and Woods[35] gave the coefficient of the magnetic contribution 
(T'l of the order of 10-**//^ cm below 10 K. However, this increase in the value of in the 
Unv-tcmpeiatute regime could be ascribed to the presence of some additional contribution of near 
siinilai functional form (A-^T" due to electron - phonon scattering). Hence to isolate the magnetic 
contribution, we assume that its value is the same as in the temperature range of 100 to 200 K for 
alloy S4H and the low-Cr content (< 15 at.%) alloys. Thus Eq.(3.14) is modified as 


p'{T) = p(r)-p,„,,(r) 

= pQ + ^ri!p^/T + A^T'^, (3.16) 

where = BiT“. Subtracting the magnetic contribution from the raw data taking values of Bj 
from the high-temperature fit (see Table 3.5), the modified data (p(T) - BjT^) have been fitted to 
l;q.(.3. 1 6). 1'hey .show excellent fits with normalized of the order of 10“'° which is again con- 
sistent with our expeiimental resolution. All the fitting parameters and the temperature ranges are 
given in Table 3.6. It is found that the coefficient of the low-temperature phonon term is of the order 
of lO itilcm K ^ except for alloy S28 where it is an order of magnitude higher. Interestingly, 
the calculated phonon contribution (AsT-^) is found to be an order of magnitude higher than the 
magnetic contribution (BjT^) in this temperature range. On the contrary, the separation of phonon 
and magnetic contributions following the above arguments is not possible for Cr-rich S41, S47, 
and S5() allays where T<.’s are 44, 48, and 60 K, respectively. In addition, a second transition at a 
lower temperature to a spin-glass phase is observed at 9, 14, and 7 K, respectively (see Table 3.4). 
Hence, besides the T^ typo of ferromagnetic contribution, a or (BT^ - CT^*^^) (B,C >0) type 
of dependence of resi.stivity due to the spin-glass phase should show up for T « T;[8, 19]. The 
prc.scnt range of temperature is hardly low compared to Tf so to have a spin-glass contribution. 
To summarize, magnetic scattering gives the most dominant contribution to the resistivity besides 
the phonon part and the contributions to the T^ term effectively come from phonon and magnetic 
scattering only. 
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TO. 3.12. Plot of the individual contributions to the resistivity coming from magnetic (T^), phonon 
T^), and e-e interaction effects along with the raw and the best-fitted data vs temperature for alloy 
>34. 




FIG. 3. ! 3. Plot of the individual contributions to the resistivity coming from combined magnetic 
and phonon, and c-e interaction effects along with the raw and the best-fitted data vs temperature 

for alloy S41. 



02 


Electrical transport properties 


'ABLE 3.7. Sample designation, values of fitted parameters along with for Eq.(3.4) and the 


orresponding calculated values of m^ and N(Ejr). 


Sample 

)esignation 

Po 

(pQcm) 

lUp 

(pOcm 

(10-2) 

(10-‘°) 

Calculated Values 

m„ N(Ep’) 

((Qcm)"‘ K‘''2) (erg“‘cm-^) 

(10^“') 

S28 

58.2 

- 

- 

7.2 

4.7 

S29 

89.7 

-4.5 

2.5 

5.6 

1.8 

S33 

92.4 

-5.2 

0.8 

6.0 

2.0 

S34 

75.9 

-4.5 

1.1 

7.6 

3.9 

S48 

71.8 

-lA 

0.9 

14.3 

15.0 

S41 

75.9 

- 10.4 

2.2 

18.0 

22.3 

S47 

80.2 

- 14.2 

2.0 

22.2 

32.2 

S50 

83.8 

-9.6 

0.8 

13.6 

11.6 


For more vivid presentation of the individual contributions to the resistivity, we have plotted 
ach of them along with the best-fitted (sum of all the contributions) and the raw ( Ap = p(T) - 
'0 ) data in Figs. 3.12 and 3.13 for alloy S34 and S41, respectively. In Fig. 3.13, the plot for 
he combined phonon and magnetic contributions has been shown for alloy S41. The raw and the 
lest-fitted data are indistinguishable below T,ntn in both the alloys. Below Tmtn/2 the magnetic and 
ihonon contributions are so small that it is enough to consider the contribution from the interaction 
ffects only, besides po. It is to be noted here that the individual contributions are all less than 
1.4 pQcm. The typical values at 1 0 K for phonon, magnetic and interaction contributions are 5 x 
0“'’, 6 X lO'"’, and I x 10~' (all are in pQcm), respectively for alloy S34 where po is as large as 
'6 p£2cm. 
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3.2 NfFeCr alloys 
3.2.5 /;{T) for 1.2 K <T< 

Hcic our emphasis will be to describe the resistivity behaviour well below minima. As it was 
mentioned earlier, the present alloys are rather concentrated with residual resistivity of (72 - 92) 
/A2cm (except alloy S28 where po — 53 //Qcm). Also these alloys are ferromagnetic[26] in the 
temper atnre range where the resistivity minima are observed «T,). Hence the Kondo effect 

is an unlikely candidate for its origin. Nevertheless, we have tried to fit the data to both ln(T) 
(liq (.3. 1 and vT (Eq.(3.4)) from 1.2 K to 

bitting the data of alloy S28 in the temperature range of 1 .2 K - Tmin is not possible. Its Tmin of 
7 K is too low and one has to go much below 1 .2 K to check the ln(T) or ^/f dependence. However, 
in the pie\ mus section, a very consistent result for alloy S28 was found from fitting the data to the 
e-e interaction effects along with phonon and magnetic terms (Eq.(3.16)) in the temperature range 
of 1 .2 to 1 5 K. Fitting the data for the rest of the alloys (except S28) to Eqs.(3.1) and (3.4) shows 
two distiirct features. First, the values of the normalised for the fits to Eq.(3.4) (~ 1 x 10“*°) 
are found to be an order of magnitude lower than that to Eq.(3. 1) (~ 1 x 10“®). Secondly, the plot 
of ( ft, ftfit 1 Z/'/tf with temperature for the \/T fit (Eq.(3.4)) is found to be random whereas that 
for the liUT ) fit t M(.( 3.1)) shows a systematic trend. A typical plot of the deviations is shown in Fig. 
3.14 for alloy S34. Such random variation of {praw - pfit)lpfit with temperature is considered to 
be a better lest for the goodness of a fit. Hence it is beyond doubt that the p(T) data are much better 
described by (he s/’F dependence in this temperature range. The random nature of the residuals as 
well as the order of magnitude smaller values clearly establish -v/T dependence of p. All the details 
of the fitting parameters along with are given in Table 3.7. The values of lUp, the coefficient of 
the x/f term of liq.(3.4). are found in the range ((-4.5) - (-14.2)) x 10“Viicm/A:‘/^ which is in 
good agreement with the values of m'p (see Table 3.6). According to a number of earlier studies on 
amorphous and crystalline alioys[2, 13, 14], m^, comes out to be of the order of 6 (QcmK*'^^) *, 
almost a near-universal value. The present values of rUo-, calculated from the relation m^ = -vci^po 
(Eq.(3.5)), are in the range of (6 - 22) (Ocm/sf*^^)”* for all the alloys (Table 3.7). The alloys with 
low-Cr content ( < 1 5 at.%) have in the range of (5.6 - 7.5) (£2cm/C‘/2)“* which is in very good 
agreement with the near-universal value[2, 13, 14, 16, 21] of 6 (Qcm/T’/^) whereas those with 
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FIG. 3.14. A typical example of the temperature dependence of the residuals for fitting the data to 
Eq.(3.4) and Eq.(3.1), respectively for alloy S34. 

high-Cr content (> 18 at.%) give higher values of 111 ^, viz, (13-22) (Ocm/C^''^)'"’. A recent study 
of the electrical conductivity of Fe-rich Fego-xNio^Crao system[21] (14 <x< 30) below TmiJ^ also 
finds a VT dependence, but the observed values of = (12 - 14) (QcmAT’/^)"' are on the higher 
side. The calculated values of N(Ef), using Eqs.(3.3) (with F„ = 0) and (3.6), are in the range of 
(2 - 32) X 10^-'’ erg~'cm~^ (see Table 3.7). According to an earlier specific heat study[3 1], N{Ef) 
in the present alloys are found to be of the order of 15 x 10^^ erg“‘cm“^ which is again in good 
agreement with the present values. This certainly provides another support to the interpretation of 
the resistivity minima as coming primarily from the e-e interaction effects. 
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3.2.6 Calculation of po using the two-current model 

It IS important to get some theoretical estimates of the values of the residual resistivity for these 
ferromagnetic crystalline alloys. Here we have calculated po using the two-cuirent moclel[36] 
and Matthcis.sen’s rule and compared them with the experimental values. In fact, the residual 
resistivity (p„) of any alloy arises from the scattering of electrons by impurities and defects. 

I he piesent Nikk,. ,_,,FejCry ternary alloys have high residual resistivities. But the variation in 
the lesidual lesistivity (po) with the alloy composition is rather small. Here we have used the 
t\v(vcuncm mode![36J and also Matthiessen’s rule to calculate po. The two-current model has 
successfully explained the resistivities of dilute and moderately concentrated (« 5 at.%) transition 
metal alloys. The idea behind the two-current model is that the 3d band of the transition metals 
aie split into spin-up and spin-down bands in the presence of ferromagnetic exchange interaction. 
1 his ultimately results in different relaxation times for spin-up and spin-down electrons and they 
conduct in paiallel. At very low temperatures, if the interaction between the impurities is neglected, 
the residual resistivity of the dilute binary alloy Mioo-xA^, where M and A are the host and the 
impurity respectively, can be written as 

(3,17) 

Pa t +PA i 

Here P 4 t und i are the spin-up and the spin-down resistivities of the impurity. In the case of a 
ternary alloy Mkxj where both A and B are impurities, the resistivity at low 

can be written as 

(3-18) 

Per = Xp^A + ypcB, ^ 

where rr is either f or 4- However, in Matthiessen’s rule, the sum of the residual resistivities 

of the two impurities determines the residual resistivity of the alloy. Here it is assumed that m 

both the cases the residual resistivity of the impurity is independent of temperature. B^^^or Fert 

and Campbell had found very consistent results using the two-current model in Ni and F® based 

1 6S of 

dilute binary and ternary alloys[36] for different 3d impurities. According to them, the va 
resistivity of Fe and Cr as impurities in Ni-based alloys are = 0.35, pf’’ = 5, = • ’ 04 . 

= 7.4, = 16. 1, and = 7.2 (all are in pQcm. per at.%). Hence it is rather simple to calculate 

Po for the present Ni-rich NiFeCr alloys although a very good agreement between the calcul 
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\BLE 3.8. Alloys with their sample designation, composition and values of residual resistivity 
,q) ob tained from experiments, two-current model and Matthiessen’s rule. 

Residual resi.stivity, po (//Qcm) 


Sample 

esignation 

Alloy 

Composition 

Experimental 

Values 

Two-current 

model 

Matthiessen’s 

rule 

S28 

Ni75Fei7Cr8 

58.1 

77.8 

45.9 

S29 

Ni75Fei3Cri2 

89.6 

95.0 

64.5 

S33 

Ni68Fei7 5Cri4 5 

92.8 

118.4 

78.6 

S34 

Ni73Fei3Cri4 

75.8 

106.1 

74.6 

S48 

Ni7oFei2Cri8 

71.8 

125.3 

94.2 

S41 

Ni73 sFegCrjg 5 

76.0 

110.7 

95.3 

S47 

Ni7iFe8Cr2i 

79.9 

130.1 

107.8 

S50 

Ni72FegCr2o 

83.7 

125.0 

102.8 


id the experimental values is not expected. The calculated values of po using the two-current 
lodel and Matthiessen’s rule are given in Table 3.8 which clearly shows that the deviation from 
latthiessen’s rule is always positive. A comparison with the corresponding experimenta!! values 
F Po (see Table 3.8) shows that the variation in po with composition is predicted to be more 
y Matthiessen’s rule than the two-current model while the experimental po’s have still weaker 
^pendence. This discrepancy mainly comes from the fact that the values of Po Po ... etc., used 
)r the calculation of these concentrated alloys, are actually for dilute NiCr and NiFe alloys[36]. 
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Chapter 4 

Magnetoresistance 


In the last chapter, the temperature dependence of the electrical resistivity (p(T)) for both binary 


CuMn and Ni-rich ternary NiFeCr alloys was discussed in details where the electron - electron 


r4 


interaction (EEI) effects nm found to be responsible for the low - temperature resistivity minima. 


Theoretically, application of a magnetic field[ 1-3] is another source of dephasing other than inelas- 
tic scattering which could destroy the phase coherence of electrons and hence weak - localisation. 


As a result, the field dependence of weak - localisation as well as EEI effects are expected to 
show up in the magnetoresistance data of these two alloy series in the temperature range where 
the resistivity minima were observed. Earlier studies[4— 6] in some non - magnetic amorphous 
alloys have clearly shown the presence of interaction effects in p(T) in the temperature range of 
100 mK to 20 K. But in the interpretation of the magnetoresistance data[5], the field dependence 
of EEI effects along with localisation term comes into play only at lower temperatures below 1 K. 
Here we have presented magnetoresistance data in both transverse and longitudinal orientations 
for both CuMn and NiFeCr alloys. One of the motivations behind this investigation is to find a 
satisfactory description of the field dependence of the magnetoresistance and to check whether 
the interpretation of the magnetoresistance data is consistent with that of the electrical resistivity 
(P(T)). 


Earlier studies[7, 8] had shown that addition of a few atomic percent of Cr in Ni and Fe-based 
alloys could decrease the value of the FAR (ferromagnetic anisotropy of resistivity) drastically. 
It is important to note that the value of the FAR was reported[8] as zero for 10.1 at.% of Cr in 
Niioo-xCra; alloys. Since then, there is as such no detailed report on the FAR in Cr-rich alloys. 
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The present NiFeCr alloys are all ferromagnetic at 4 9 tr • j ■ 

s ^ at 4.2 K with widely varying Cr (2 to 21 at %' 

Here cur prime inlention is .0 interpre, ,he composition dependence of the FAR in terms 
01 Ihc split - band model|9] and to correlate them with the earlier observed the 7„s= 0 line[10] in 
the ternary phase diagram. In addition, it will be interesting to see how the present FAR decreases 
w ,th increasing Cr content in these N.FeCr alloys and also to explore the possible physical , 

foi such changes. 


. reasons 


4.1 CuMii alloys 

4.1.1 General description of the data 

A detailed investigation of both the transverse and the longitudinal magnetoresistances in con- 
centrated crystalline 7 -CuuK)_..Mn, alloys ( x = 36, 60, 73, 76, and 83 ) are presented here till a 
magnetic induction of 7.5 T. The measurements in the transverse mode (TMR) are done at 4.2, 
20.5, and 63 K whereas those in the longitudinal mode (LMR) are done only at 4.2 K. Interestingly! 
most of the earlier studies in Cu,oo-xMn^ alloys are restricted to the dilute Mn regime (x < 4.4 
at.7f ) where it is a canonical SG with a negative magnetoresistance[ll]. The present alloys have 
exotic magnetic structures at low temperatures (see Fig. i.g). The alloys with x = 36, 60, and 
73 arc clu.ster gla.sses with Tj between 135 and 149 K whereas x = 76 and 83 are in the mixed 
cluster-glass and long-range antiferromagnetic phase below 145 and 45 K, respectively[12]. The 
LMR data (Ap/p) at 4.2 K are shown in Fig. 4.1 whereas the TMR’s are shown in Figs. 4.2, 4 3 
and 4.4 for 4.2, 20.5, and 63 K, respectively in magnetic inductions up to 7.5 T. For better view of 
the low - magnetoresistance region, some are not plotted all the way till 7.5 T. The plots show that 
the dispersion in the data is comparable to the width of the symbols in most of the cases. The values 
of the LMR at 7.5 X for all the alloys along with their residual resistivity (po), and the temperatures 
of the resistivity minima are given in Table 4.1 while the values of the TMR are given in 

Table 4.2. The plots show a positive magnetoresistance for the Mn-rich (x > 60) alloys and an 
overall negative one for x = 36. However, the data at 4.2 K in alloy x=36 (Figs. 4. 1 and 4.2) show a 
distinct positive magnetoresistance till 3 T beyond which it becomes negative. The above positive 
Ap/p is found to disappear at higher temperatures (20.5 and 63 K). 
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FIG. 4,2, Plots of the transverse magnetoresistance (TMR) data (Ap/p vs poffi in the range of 0 
to 7,5 T and the best-fitted curves between 4 and 7,5 T for Cuioo-iMn* (x - 36, 60, 73, 76 
alloys at 4.2 K. 
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/ioH ( tesla ) 


FIG. 4.3. Plots of the transverse magnetoresistance (TMR) data (Ap/p vs poH) in the range of 0 to 
7.5 T and the best-fitted curves between 4 and 7.5 T for Cuioo-ajMna; (x = 60, 73, 76, and 83) alloys 
at 20.5 K. For x=36, both the TMR data and the best - fitted curve are shown between 0 and 7.5 T. 




Ap/p 


63.0 K. TMR 



/XqH ( tesla ) 


FIG. 4.4. Plots of the transverse magnetoresistance (TMR) data (Ap/ p vs poH) and the best-htted 
curves between 0 and 7.5 T for Cu,oo-xMn^ (x = 36, 60, 73, and 83) alloys at 63 K. For x=76, the 
TMR data are shown in the range 0 to 7.5 T and the best-fitted curve is between 4 and 7.5 T. 
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4.1.2 Results and discussion 

It is to be noted that the nature of the LMR and TMR curves at 4.2 K for all the alloys are very 
similar. But the values of the LMR is found to be smaller compared to those of the TMR except 
for x=36 A negative magnetoresistance similar to that of the spin - glass phase is quite expected 
in alloy x=36, since it is in the critical region of the magnetic phase diagram! 1 2J where a transition 
from the spin-glass (SG) to the cluster-glass (CG) phase is observed (see Fig. 1.8). Interestingly, 
the data for x=36 show more negative TMR at higher temperatures. This clearly indicates that the 
SG type of contribution is indeed dominant in this particular alloy. Earlier studies on canonical spin 
glasses[l 1], including CuMn alloys, have shown thatT/ (SG transition temperature) increases with 
concentration and the magnitude of the negative TMR increases with temperature till T/ and 
then it decreases with T. Here T; ~ 150 K[12] and hence the above behaviour of the TMR till 63 K 
is justified. The positive Ap/p, observed in these concentrated alloys (including even the low-field 
data for x=36 at 4.2 K), is in contrast to the earlier findings of negative magnetoresistance in the 
dilute regime of Cuioo-xMnx (x < 10)[11]. To find whether the normal magnetoresistance[13] 
((Ap/p)Ar = where Cat = l/(2nep)^, (see Eq. (1.26))) could be responsible for the observed 
positive TMR, we estimate it using n ~ 10^® electrons/m^ and find that {Ap/p)^ — 10~® at 5 T 
which is much smaller than the present Ap/p values ((2 - 66) x lO""*). This suggests that the normal 
magnetoresistance can hardly explain the magnitude of the positive Ap/ p. Moreover, the present 
alloys are compositionally disordered with large residual resistivities (po cx 150 p-Hcm). As it was 
discussed in Chapter 3, the electrical resistivity measurements (p(T)) have clearly identified the 
EEI effects as responsible for the resistivity minima in these alloys. Here one should note that the 
similarity in the behaviour of the LMR and TMR data gives a possible indication for the presence 
of weak localisation/EEI effects. 

From our earlier discussion in Chapter 1 , it is clear that a positive magnetoresistance is expected 
from both spin-orbit interaction and EEI effects. Theoretically, to find at least a moderate spin-orbit 
contribution, one should have an alloy of heavy elements, like 4d or 5d series of elements. In an 
extensive study, Bieri et al.[6] have shown the dominant presence of spin-orbit interaction in the 
magnetoresistance of CusqLuso, PdgoSi2o, CU50Y50, and Cu57Zr43 alloys where Y, Zr, and Pd are in 
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TABLE 4.1. Cui(X)_j;Mnx alloys with their Mn concentration (x), Tmtn, Po. values of LMR 7.5 
T', equations of fit, and the corresponding parameters for the data at 4.2 K from 4 m 7^ 


Mn 

(X) 

T„,.„ 

(K) 

Po 

iliQ. cm) 

Ap/ p at 

7.5 T (%) 

Eqn. 

of fit 

A 

( 10 -^) 

B 

(JO-4 T- 1 / 2 )^ 

C;v or C 3 

(10-5 j-2 

36 

2.5 

93 

- 0.11 

A+EVH+C^if 

-9.4 

7.2 

^ -3.83 

60 

16.5 

176 

0.12 

A+E^/H+CnH^ 

-5.5 

5.7 

0.35 

73 

16.5 

176 

0.06 

- ditto - 

-1.7 

2.3 

0.25 

76 

24 5 

197 

0.02 

- ditto - 

-0.4 

0.6 

0.07 

83 

12.5 

120 

0.39 

- ditto - 

-29.6 

24.4 

0.42 


4d series whereas Lu is a 5d element. One should note that an overall positive 

can only be expected from a strong spin-orbit interaction whereas for a moderate on®» ^ downturn 

of the data is generally observed[5, 6 ]. The present alloys are made of only 3d 

theoretically it is not possible to invoke strong spin-orbit interaction. They have als*^ shown 

any kinti of downturn till 7.5 T (except for x=36). So even a moderate spin-orbit intef^^^^^®” could 

not be assumed. Hence the contribution from the spin-orbit interaction should be rath®*^ negligible 

in these CuMn alloys. Moreover, an earlier experimental observation in Cu-based Cuzo^Sso alloy 

has shown much smaller spin-orbit contribution as compared to that of the localisation^ ^ 

< sec Table 1 of Ref.[ 6 ]). 

,. . .. ^ stance which 

On the other hand, these CuMn alloys have shown a distinct positive magnetoresi» 
can now be attributed only to the dominant EEI effects. It turns out that the spin - ' 

{ 1 40)) and the orbital (Eq. (1.43)) contributions of the interacting electrons to the ipagnetoresis 

. r as well 

tance have the same field dependence. So it is difficult to isolate them from one anoth® 

as from the weak localisation. However, the orbital contribution is found to be very « 

, ^iriant only at 

in the temperature range of T > 1 .2 K and in magnetic fields H < 6 T. It becomes 
much lower temperatures and higher fields. Henceforth, we will take only the 
bution (Eq.( 1 .40)) as representing the electron-electron interaction effects. Besides th® 


118 


Magnetoresistance 


a negative contribution from the localisation elfects (Eqs. (1.36) and (1.37)) is also expected, 
as found in CusoTisoLS] and Y 8 oSi 2 o[ 6 ] alloys. Hence the expression for the magnetoresistance, 
coming from quantum interference effects (QIE), can be written (using Eqs. (1.36), (1.37), and 
(1.40)) as 


(Ap/p)'3^^ = (Ap/p)‘”‘ + (A/>//.)'“'- 

= A + bVH (for high fields) (4.1) 


and 


= (Ap//))’"‘ + (Ap/p)‘” 

= CH^ (for low fields), 


■ (4.2) 


where A = -1.3o,. a, = B = - B'-), C = (C-‘ - d^), B-‘ = 

B^oo ^ 0 ^ = 0.053a, (f^)2, and C'”" = — The symbols F^, D, g, 

and iiB stand for the screening constant, diffusion constant, Lande-g-factor, and Bohr magneton, 
respectively while the others have their usual meanings. The field dependence of both (Ap/p)*"‘ 
and (Ap/ p)^°‘^ (see Eqs. (4.1) and (4.2)) are identical in both high and low-field regimes and hence it 
is very difficult to isolate them. To get estimates of the contributions of the EEI and the localisation 
effects, we have calculated the coefficients and (Eqs. (4. 1 ) and (4.2)) using the values of 
Fjr=l, D=0.2 X lO"'^ m^s"*, and g= 2 . They come out of the order of 8 x 10“'* and 5 x 10“'* (both 
are in T“*/^ units), respectively. It shows clearly that the EEI effect is dominant (B = (B’”‘ - B*®'') 
= + 3 X 10“'* T“''^^) and this is certainly consistent with our observed positive magnetoresistance. 
Moreover, the EEI effect has already been observed in the p(T) measurements till 2Tmin- The 
present disordered alloys have very low diffusion constant (D ~ 0.2 x 10“'* m^s“’, taken from the 
interpretation of p(T) data). This is much smaller compared to that observed in CuaoMggo alloy 
(~ 7.7 X 10“'* m^s“')[ 6 ] (where the weak - localisation effect is found to be dominant in Ap/p). 
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As a lesuit. (he small value of D foi the piesent CuMn alloys enhances the contribution of the EEI 
eticct. since hplp oc H^/d (see Eq.(1.40)). Hence a positive magnetoresistance coming from the 
dominant EEI ellects is quite justified. In addition, a quadratic field dependence due to the normal 
magnetoresistance ((Ap/ pIa- = Ca? H^), however small it is, is also expected here. The analysis for 
the Mn-rich alloys (x > 60) are presented first for convenience and that for x=36 is given later. 
Assuming Matthiessen’s rule, the final expressions for the magnetoresistance are given by 

Ap/p = (Ap/p)«^^ + (Ap/p)w 

^ A + D\/H + (for high fields) (4.3) 

= C 2 H^, (for low fields) (4.4) 

where Ci = C + C.v. Here H is actually the magnetic induction, commonly referred to as the 
magnetic field having the unit of tesla. The data, taken at 4.2 and 20.5 K, for the Mn-rich alloys (x 
> 60), tit very well to Eq.(4.3) in the range of 4 to 7.5 T (high-field limit) as shown in Figs. 4. 1 - 4.3 
where the law data are found to be almost indistinguishable from the best-fitted curves. The details 
of the fitting parameters are given in Tables 4.1 and 4.2 for longitudinal and transverse modes, 
icspcctivcly. One of the interesting findings in the present fittings is that the LMR and TMR data 
at 4.2 K show a similar kind of functional dependence on H (see Tables 4.1 and 4.2 , respectively). 
The values of the fitting parameters for the LMR data are found to be lower as compared to those of 
the TMR which is really expected as (Ap/p)i,Mfi < {‘^pIp)tmr- The fit in all the alloys shows that 
the value of the constant A is negative in agreement with the theory (see Tables 4. 1 and 4.2, and 
Eq.(4. 1 ))). On the other hand, the coefficient B (= (B*”‘ - B'°0. see Table 4.2) is found to be positive 
showing dominant EEI effect (B‘"‘ > B'®'^). The values of the coefficient B, obtained from the fit, 
are in the range of ( 1 - 8) x 10"'* T"’/^ for all the alloys except x=83 where it is unexpectedly high 
((24 - 3 1 ) X 10”^ T“'^^). These values of B are in reasonably good agreement with our calculated 
value of 3 X 10"'* T"'^^ and this certainly gives us confidence in the present interpretation. In 
addition, the values of B (see Tables 4.1 and 4.2) also indicate that the contributions from the EEI 
effect are higher compared to that of the localisation effect in the alloys with x=36, 60, 73, and 83 
whereas for x=76, they are found to be almost comparable. The overall decrease of the positive 
TMR with temperature (Figs. 4.2 - 4.4) is Justified from the theoretical point of view (Eq.(4.1)). 
However, no definite statement could be made for the temperature dependence of the individual 
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coefficients A and B. 

The above fittings (done at 4.2 and 20.5 K only) did not include 63 K since it is is too high 
a temperature to expect weak localisation along with EEl effects in x = 60, 73, and 83 where 
T„„„’s are found at 16.5, 16.5, and 12.5 K, respectively. Here the data fit only to the normal 
magnetoresistance ((Ap/p)/*/ — for the entire range of 0 to 7.5 T. The fitting parameter, 

(the coefficient of the normal magnetoresistance term), is found to be in good agreement with the 
findings at 4.2 and 20.5 K (see Table 4.2). However, the alloy with x = 76, where T„„n is rather 
high (24.5 K), has shown surprisingly good fit to Eq.(4.3) at 63 K in the same range of field as at 
4.2 and 20.5 K. To check this, the data are also fitted to (Ap/p)/^ = C^vH^ resulting in systematic 
residuals ((data)/jf - (data)rat„) and an order of magnitude higher value of the normalised The 
plots of the raw data and the best-fitted curves are shown in Fig. 4.4. The value of B, obtained 
from the fitting to Eq.(4.3) for x=76 at 63 K, is found to be consistent with the results at 4.2 and 

20.5 K whereas that of the normal magnetoresistance comes out to be much smaller (Table 4.2). 
This discrepancy can be ascribed to the small value of TMR (0.02 %) at 63 K. According to the 
Kohler’s rule[13] (see Eq.(1.27)), the plot between the normal magnetoresistance, (Ap/p)iv, and 
PoH/p should follow an universal curve for a particular alloy at all temperatures (Kohler’s plot). 
But at much higher fields, it may break down depending on the nature of the Fermi surface. In Fig. 

4.5 we have plotted the normal magnetoresistance data ((Ap/ p)^’ = Cy^H^) against (poH/p) at 4.2, 

20.5 and 63 K (curves 1, 2, and 3, respectively) taking the values of Cat from the fit[163. The data 
are found to fall almost on one curve for all the Mn-rich alloys (x > 60) at all temperatures till 5 
T. Above 5 T, they start deviating from each other as expected. 

In the low-field limit, the TMR and the LMR data for all the alloys with x > 60 fit very well to 
Eq.(4.4) in the range of 0 to 1 T at 4.2 and 20.5 K. The TMR data at 63 K of only x=76 have shown 
a good fit to Eq.(4.4). All the details of the fitting parameters are given in Table 4.3. In Fig. 4.6, 
the TMR data and the best-fitted curves for the alloys with x = 60, 76, and 83 are shown at 4.2 K 
for the low-field region. Due to the same dependence, the low-field QIE coefficient C (= (C'”‘ 
- C'°‘^)) has been coupled with that of the normal magnetoresistance (Cn). Unlike the estimate of 
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TABLE 4.2. CuKX)-.rMn;r alloys with their Mn concentration (x), temperature of TMR measure- 
ments, value at 7.5 T, range of fit, equations of fit, and the corresponding parameters. 


Mn 

(X) 

Temp. Ap//; at 

(K) 7 5T(%) 

Range of 

fit(T) 

Eqn. 

of fit 

A or A' B 

(10-^) (10-^ T-‘/^) 

C// or C3 

(10-5 t- 2) 


4.2 

-0.06 

4.0 - 7.5 


-10.9 

8.4 

-3.12 

.76 

20.5 

-0.19 

0-7.5 

A'-t-CsH^ 

0.5 

“ 

-3.3 


63.0 

-0.26 

- ditto - . 

- ditto - 

-0.7 

- 

-4.75 


4.2 

0.18 

4.0 -7.5 

a+eVh+Cm^^ 

-8.2 

7.8 

1.00 

60 

20.5 

0.16 

- ditto - 

- ditto - 

-7.6 

7.1 

0.78 


63.0 

0.06 

0-7.5 

A'+CpH^ 

0.9 

“ 

0.91 


4.2 

0.14 

4.0 -7.5 

A-t-Bv/F-^Cptf 

-6.8 

5.9 

0.91 

73 

20.5 

0.13 

- ditto - 

- ditto - 

-5.3 

5.0 

0.76 


63.0 

0.05 

0-7.5 

A'-l-CjvH^ 

-0.4 

- 

0.84 


4.2 

0.04 

4.0 -7.5 

A+B\/F+CpH^ 

-1.0 

1.0 

0.29 

76 

20.5 

0.03 

- ditto - 

- ditto - 

-1.0 

1.0 

0.22 


63.0 

0.02 

- ditto - 

- ditto - 

-1.1 

0.9 

0.02 


4.2 

0.66 

4.0 - 7.5 

A+B/ff+CpH^ 

-34.4 

30.7 

2.88 

83 

20.5 

0.50 

- ditto - 

- ditto - 

-28.5 

24.2 

2.38 


63.0 

0.15 

0-7.5 

A'+CjvH^ 

-0.02 

- 

2.70 



x=60 



AjH/p (10"® ifiUcmy^T) 


/j^E/p (10~® {pQcm) ^T) 


PoE/p (10 ® (/ificm)~^T) 


PoE/p (10"® (/^ncm)"^T) 


FIG. 4.5. Kohler’s plots (normal magnetoresistance iiAp/p)^) vs (poH/p)) for the alloys with x 

= 60, 73, 76, and 83. Here the numbers I, 2, and 3 represent the data at 4.2, 20.5, and 63 K, 
respectively. 
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B, heic it is very difficult to get a theoretical estimate of C of the low-field term (oc tf), since the 
value of the inelastic spin-relaxation rate(r~') is not available for these alloys. However, fitting 
of the high-tield data independently gave the values of the coefficient C;v- One should expect that 
the values of C,v, obtained from the high-field fit, will remain the same in the low-field fit as well. 
After subtracting the high-field fit value of Cjv from C 2 , C is calculated for the Mn-rich alloys (x 
> 60). 'fhe huge positive values of C (see Table 4.3), thus obtained, again indicate the dominant 
contribution of the EEI effects compared to the localisation effects (C”‘ » 0’’°'^) in the low-field 
regime. In summary, the present findings in CuMn alloys certainly provide another strong support 
to the inteiprctation of the transport properties in terms of the dominant EEI effects. 

In alloy x=36, a negative magnetoresistance, similar to that of the SG phase[ll, 17], is quite 
expected. Moreover, the relatively large value of po (93 pQ. cm) clearly indicates a fairly disordered 
state which has shown up in p(T) in the form of a resistivity minimum (Tn^,„ = 2.5 K). Therefore, the 
CG contribution ((Ap//>)fo = has to be considered in the magnetoresistance of this alloy 

along with those of the EEl/localisation effects (Eqs.(4.1) and (4.2)) and the normal magnetore- 
sistance {{&.p/p)n = C^/H^). The contributions to the magnetoresistance of these two competing 
scattering mechanisms, viz, the positive one from the EEI/localisation effects and the negative one 
from the t'G phase are responsible for the downturn of the data at 4.2 K. Thus Eqs.(4.3) and (4.4) 

can be modified as 

^P/P = i^P/ P)^^^ + f’) W + (^P/ P)0G 

= -b (for high fields) (4.5) 

= fields) (4.6) 

where Cj = Cn - is the sum of the coefficients of the normal and the cluster-glass terms and 
C = C + €■? = (C‘”‘ - + (Cjv - j^cg)> the combined effects of interaction, localisation, 

normal, and cluster-glass terms. Unlike the other alloys, one should not expect the EEI/locahsation 
effects at higher temperatures in x=36 since its T_ is only at 2.5 K. Hence the expressions for 
magnetoresistance, for T > 4.2 K can be written, for all fields, as 


Ap/p = (Ap/p)jv + (Ap/p)cG 
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yL6oH ( tesla ) 


FIG. 4.6. Plots of A /?/ p vs //.qH and the best-fitted curves between 0 and 1 T for alloys with x = 
60, 76, and 83 at 4.2 K (x = 36 and 73 are excluded for clarity). Here Ap/p < 10”^. 
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= C^H- (for all fields), (4.7) 

where C3 (= - Pcg) has the same meaning as in Eq.(4.5). The LMR and the TMR data at 4.2 K 

.show very good fits to Eq.(4.5) in the range of 4 to 7.5 T (sec Tables 4. ! and 4.2). 'Fhc plots of the 
best-fitted curve and the raw data in the range of 4 to 7.5 T are found to be almost indistinguishable 
in Figs.4.1 and 4.2, respectively for the LMR and the TMR. The observed positive value of B ( 
see Tables 4. 1 and 4.2) clearly establishes the dominant EEI contribution to the magnetoresistance 
(Btnt ^ gioc) compared to the localisation. The coefficient C3 is found to be negative indicating 
a dominant CG contribution compared to the normal magnetoresistance {0cg » However, 
fitting of the low-field data to Eq.(4.6) in the range of 0 to 1 T shows a positive coefficient of the 
term, C4 (= C + C3), which is interpreted as due to the dominant EEI contribution (C > C3, i.e., 

> + C3)). The value of C, the coefficient of the low-field EEI term, is estimated following the 

arguments used for the Mn-rich alloys (x > 60). The details of the low-field parameters are given 
in Table 4.3. The data at 20.5 and 63 K have shown good fits to Eq.(4.7) in the whole range of 0 
to 7.5 T. This is really justified in x=36 with the lowest T„,t„ of 2.5 K. It is very difficult to isolate 
the coefficients of the cluster-glass (Pcg) and the normal magnetoresistance (Ca/') contributions 
from C3 (= Cn - Pcg) in the present case. Since the alloy with x=60 is compositional ly nearest 
to x=36, the normal magnetoresistance contribution can be considered to be roughly of the same 
order in x=36 and 60. This assumption helps us atleast in estimating the coefficient 0cG of the 
cluster-glass term. Taking Cjv = 1 x 10~^ T~^, the values of Pcg come out as 4.1, 4.3, and 5.8 
(in units of lO"^ T”^) at 4.2, 20.5, and 63 K, respectively. These values show an increase in 
the cluster-glass term with temperature. This is quite expected as it has been already observed in 
canonical spin glassesfl 1] (including CuMn alloys). To summarize, the positive magnetoresistance 
in concentrated 7 - CuMn alloys can be attributed to the dominant presence of EEI effects. 

4.2 NiFeCr alloys 

4.2.1 General description of the data 

Measurements are made in both longitudinal and transverse orientations on some fifteen different 
compositions of Ni-rich 7 - Niioo-x--yFe^Cr,j (6 < x < 23; 2 < y < 21) alloys at 4.2 K in magnetic 
inductions till 1.4 T. The present alloys are all ferromagnetic at 4.2 K. All details regarding the 
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alloy designation, composition. Curie temperature (Tc), and resistivity value at 4.2 K (p 4 2 /f) 
are given in Table 4.4. The values of Tc for almost all the alloys are taken from an earlier 
lepoit on dc-magnetisation[18] except for S41, S47, and S50 where they are obtained from the 
present ac-susceptibility measuiements (discu.ssed in Chapter 3). The typical behaviour of the 
magnetoreststance (Ap/p) for low - Cr content (x < 15) and high - Cr content alloys (x > 18) are 
shown in Figs. 4.7 and 4.8, respectively. The plots for both longitudinal (LMR) and transverse 
magnetorcsistance (TMR) for alloys S9, S26, S32, and S40 are given in Fig. 4.7 whereas those 
for S4 1 and S47 are presented in Fig. 4.8. In the low - Cr content alloys, the LMR and the TMR 
arc positive and negative, respectively at low fields, but as the field increases, they both become 
positive. This low-field anisotropy in the magnetoresistance is better known as the ferromagnetic 
anisotropy of resistivity (FAR)[1 3]. At this stage, our interest is to analyze the data well above the 
anisotropy region and so we will not discuss the FAR now. On the other hand, in the high - Cr 
content alloys, both the LMR and the TMR are negative and nearly isotropic (see Fig. 4.8), i.e., the 
FAR ((Ap//f)LA;n - (Ap/p) 7 'A//?) in the present alloys decreases with increasing Cr concentration. 
Howex-ei, the isotropic nature of the magnetoresistance in the high - Cr content alloys is found 
to be quite interesting. Recently similar behaviour has been observed in Cr-rich Fe 8 o-®Nia:Cr 2 o 
alloysllfil. 

4.2.2 Field dependence of magnetoresistance 

The slopes (J^) for both the LMR and the TMR data beyond technical saturation are coming 
positive in the low-Cr content alloys (see Fig. 4.7) whereas they are negative in the high-Cr 
content alloys. In conventional ferromagnets, a negative slope is generally expected which is 
explained in terms of both the reduced electron-magnon scattering as well as the slow increase 
in magnetisation with applied field beyond saturation[13]. Earlier, a similar kind of positive 
magnetoresistance beyond technical saturation was observed in some Cr containing crystalline[8, 
19] and amorphous[19] alloys. This was described by the dominance of the positive normal 
magnelorcsistancel 13] (oc ). arising due to the Lorentz force acting on the conduction electrons, 

over the negative ferromagnetic contribution. Very recently a positive magnetoresistancepO] in 
Cr-rich Cr„K,.,Fe, amorphous thin films is attributed to the strong spin - orbit interaction[6] in the 
tveak localisation limit. This is quite surprising since strong spin - orbit interaction is expected only 
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TABLE 4 . 4 . Sample designation, alloy composition, ferromagnetic Curie temperature (Tc), and 

value of resistivity (p 4 2 k) 4.2 K. 

Alloy, 

Alloy 

To 

P4 2K 

No. 

Compositions 

(K) 

(/iiTicm) 

S35 

Ni77Fe2iCr2 

778^ 

31 

S9 

NisssFcnCrss 

620^ 

40 

S26 

Ni8oFei6Cr4 

693^ 

52 

S32 

Nigg 5Fe23Cr7 5 

635^ 

60 

S28 

NivsFenCrg 

543^ 

61 

S29 

NwsFeisCria 

365t 

82 

S51 

Ni67Fe2,Cri2“ 

470^ 

87 

S33 

NiesFensCr^s 

320^ 

88 

S40 

NLsjFeii sCris 

260* 

87 

S42 

NivsFesCrig 

185* 

85 

S34 

Ni73Fei3Cri4 

315* 

82 

S48 

Ni7oFei2Cri8 

179* 

78 

S41 

Nbs.'iFegCrig.s 

44 

81 

S50 

Ni72Fe8Cr2o 

60 

84 

S47 

Ni7iFe8Cr2i 

48 

84 


* Values taken from Ref. 10. 
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0.0 0.5 1.0 1.5 

Magnetic Induction ( tesla ) 


FIG. 4.7. Longitudinal (LMR) and transverse (TMR) magnetoresistance for alloys S9, S26, S32, 
and S40 at 4.2 K till 1 .4 T of applied magnetic induction (/xoH). 
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FIG. 4.8. Longitudinal (LMR) and transverse (TMR) magnetoresistance for alloys S41 and S47 at 
4.2 K till 1.4 T of applied magnetic induction (/ioH). 
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in alloys with 4d or 5d series of elements[6] (e.g., CuLu, CuPd, etc.). Now we discuss the positive 
magnetoiesistance in the low - Cr content alloys first. The present alloys have fairly large values 
of re.sistivity {p^.rK — (3 1 - 88) /.tficm) (see Table 4.4). The constituents of these alloys are all 3d 
elements and hence the spin - orbit interaction is unlikely to be strong. Moreover, the electrical 
lesistivjty study (in Chapter 3) on some of the present alloys (i.e., S28, S29, S33, S34, S48, S41, 
S47, and S50) has shown resistivity minima which have been interpreted satisfactorily in terms of 
the electron - electron interaction effects in the weak localisation limit[2, 3]. Hence, the dominant 
presence of the EEI effects (discussed earlier in details for CuMn alloys) seems responsible for 
the piesent positive magnetoresistance. However, according to the electron-electron interaction 
effects, a \/H dependence (Eqs.(1.40) and (1.41)) is generally expected at very high fields (h » 

1 , i.e., H > 5 T at 4.2 K) and an H^ dependence (Eqs.(1.40) and (1.42)) at much lower fields (h « 

1 . i.e., H < 2 T)[5, 6]. The present measurements are till 1.4 T and hence the data should be fitted 
only to the low - field limit. In addition, a positive normal magnetoresistance (see Eq. (1.26)) is 
generally expected in metals and alloys[13]. It is very important to have a rough estimate of the 
contjibution coming from this normal magnetoresistance since both Eqs.(1.26) and (1.42) have the 
same 1 1“ dependence. From the Hall effect studies in these alloys (which will be discussed later 
in Chapter 5), the ordinary Hall coefficient (Rq) is found to be of the order of 5 x 10“" QmT“‘. 
An order of magnitude estimate of n (the carrier concentration) o; 10^® m"^ has been made from 
the equation R„ = 1/ne. Hence (Ap/p)iv ( using Eq.(1.26)) is found to be of the order of 10-« at 
1 T which is negligible compared to the present values of (1 - 10) x 10 (see Fig. 4.9). In Fig. 
4.9 the MR data for alloys S28, S29, S33, and S48 are presented above the FAR region in both 
the longitudinal and transverse orientations. It is to be noted that the plots (Fig. 4.9) for both the 
LMR and the T'MR are shifted along the Y-axis for better clarity. However, the change in Ap/p m 
Fig. 4.9 is on an absolute scale. Here the positive MR in both the orientations are attributed to the 
dominant presence of the electron - electron interaction effets in the low-field limit. The expression 
for magnetoresistance due to the EEI effects in the low-field limit comes out to be 

(Ap/p)*"‘ = C^ntH\ 


where 


0.053 


eVF, 

47r% 



/g/'-BV 
\kBT) ■ 


(4.9) 
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Fitting both the LMR and the TMR data to Eq.(4.8) gives normalised ~ 5 x which is 
consistent with our experimental resolution. In Fig. 4.9, the plots for the raw and the best-fitted 
data are found to fall almost on the same curve. The values of C„,<, the coefficient of the term, 
are obtained in the range of (1 - 5) x 10“^ which is almost the same for both the orientations 
as expected theoretically. These values are found to be an order of magnitude smaller than those 
in CuMn alloys (see Table 4.3). To conclude, the present findings of an dependence of both the 
LMR and TMR data till 1.4 T have certainly reinforced the interpretation of p(T) at low tempera- 
tures in terms of the electron - electron interaction effects. On the other hand, the ac-susceptibility 
study (discussed earlier in Chapter 3) in the high - Cr content alloys S4I, S47, and S50 has shown 
a second magnetic transition at 9, 14, and 7 K, respectively besides the ferromagnetic one at their 
respective Curie temperatures. According to the earlier neutron diffraction and dc-magnetisation 
studies[21], this low-temperature transition represents a spin-glass phase. The present magnetore- 
sistance data are taken only at 4.2 K which is lower than the spin-glass transition temperatures. 
Hence a negative magnetic contribution arising from the spin-glass/cluster-glass phase[ 17] is quite 
expected which could completely suppress the positive contribution. In addition, the isotropic 
behaviour of the magnetoresistance provides another indication for such dominance of spin - glass 
/ cluster - glass contribution[ll]. However, to say something more conclusively in both the low 
and high - Cr content alloys, one has to do the measurements at much higher fields (~ 10 T)[6] and 
at lower temperatures (< 1 K) which are not accessible to us. 


4.2.3 Ferromagnetic anisotropy of resistivity 

4.2.3.1 General introduction 

In the last few decades, lot of efforts have been made experimentally[7-9, 19, 22-26] as well as 
theoretically [7, 9, 13, 27—33] to understand the ferromagnetic anisotropy of resistivity (FAR) in 
Ni and Fe - based alloys. Interestingly, most of the earlier studies[7-9, 22, 25] were focussed oh 
alloys with large FAR (:x (10 - 20)%). In an extensive study[8], Van Elst had pointed out long 
back that adding a few atomic percent of Cr in Ni and Fe-based alloys could decrease the value of 
far sharply. It is important to note that the value of the FAR is reported[8] as zero for 10.1 at.% 



(*) o'/c'v 
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FIG. 4,9. Plots of longitudinal and transverse magnetoresistance (Ap/ p vs poH) and their best-fitted 
(Eq.{4.8)) curves till external magnetic inductions of 1 .4 T for alloys S28, S29, S33, and S48 at 4.2 
K. Only the regions beyond FAR are shown. 
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Cr in Niioo-xCr^ alloys. On the other hand, the behaviour of FAR in ternary alloy .sy.stems was 
found to be rather complicated and hence difficult to interpret. Later Berger and othersl9, 27, 34, 
35] have suggested that the split-band (SB) model could provide a satisfactory explanation for the 
composition dependence of FAR, EHC, and linear saturation magnetostriction in NiFeCu ternary 
alloys. The above SB model can also be applied to binary alloys. As a consequence, most of the 
earlier studies had dealt with binary alloys where the FAR was found to be very large (10 - 20)%. 
Till now, except for some scattered reports on amorphous alloys[23, 35], no detailed investigation 
on FAR along with EHC and linear magnetostriction coefficient (AJ has been made in any ternary 
crystalline systems suggested in the SB model except NiFeCu. In this work, the magnetoresistance 
is measured and FAR is calculated using Eq. (1.30) in some fifteen different compositions of 
chrome - permalloys 7 - Niioo-i-yFexCry (6 < x < 23; 2 < y < 21 ) at 4.2 K in magnetic inductions 
till 1 .4 T. The values of the FAR are found to be much smaller than 0. 1 % for high-Cr content (>12 
at.%) alloys. The values of the FAR for all the alloys at 4.2 K are given in Table 4.5. The maximum 
value of the demagnetisation factor 0 is in the transverse direction and it is of the order of 2 x 
10"^ and hence pMs 100 Oe. The value of the zero-field electrical resistivity (see Eq.(1.28)) 
is obtained by averaging over directions of spontaneous magnetisation which for any cubic crystal 
can be written [19] as 

0 1 2 

P — 3^-1-s 

= P+^Ap\\s + ^Ap±s, (4.10) 

where p is the residual resistivity. A random distribution of domains, however, in these concen- 
trated crystalline alloys is not obvious. However, the values of p 4 , 2 K are found to be much higher 
compared to those of and Apx* (see Table 4.5) and thus p° ~ p 4 . 2 /r. 

Earlier, the change of sign of the EHC[10] and the coefficient of the linear magnetostriction[36] 
(Aj,) (i.e., Rj = A, = 0 ) in the present alloy series could not be explained in terms of the split-band 
model. However, the study was restricted to only some low Cr-content alloys where their Curie 
temperatures (Tc) were found around and above the room temperature. Now the Hall resistivity 
(Ph) has been measured in alloys S29, S41, S48, S47, and S50 at 4.2 K till external magnetic 
inductions of 1.4 T. The behaviour of ph for alloys S41, S48, S47, and S50 are shown in Fig. 4.10. 
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FIG. 4.10. Hall resistivity (pn) data for alloys S29, S41, S48, S47, and S50 at 4.2 K till 1.4 T of 
applied magnetic induction (^oH). 
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TABLE 4.5. Sample designation, alloy composition, value of resistivity {P 4 . 2 k), FAR, ex- 
tra-ordinary Hall resistivity (RjMs), and extra-ordinary Hall conductivity {'Yhs)- 


Alloy 

No. 

Alloy 

Compositions 

Pa IK 

{pQ.cm) 

FAR 

(%) 

RsMj 

(10-^ am) 

Ins 

(10^ a-i m-’) 

S35 

Ni77Fe2i Cr2 

31 

0.76 

-t-0.9^ 

+9.4 

S9 

Nigs sFeiiCrg.s 

40 

0.38 

-6.6^ 

-41.3 

S26 

NigoFei6Cr4 

52 

0.26 

-1.5* 

-5.5 

S32 

Ni69.5Fe23Cr7.5 

60 

0.16 

+4.9* 

+13.6 

S28 

NbsFenCrg 

61 

0.11 

-1.9* 

-5.1 

S29 

Ni75Fei3Cri2 

82 

0.05 

-1.3 

-1.9 

S51 

Ni67Fe2iCri2“ 

87 

0.05 

+5.9* 

+7.8 

S33 

Ni68Fei7 5Cri4 5 

88 

0.04 

+2.7* 

+3.5 

S40 

Ni73.5Feii sCris 

87 

0.04 

-2.9* 

-3.8 

S42 

NLgFegCrie 

85 

0.07 

-0.7* 

-1.0 

S34 

Ni73Fei3Cri4 

82 

0.07 

1 

o 

++ 

-1.0 

S48 

Ni7oFei2Crig 

78 

0.02 

+0.5 

+0.8 

S41 

Ni73 5Fe8Cri8 5 

81 

0.02 

+0.3 

+0.5 

S50 

Ni72Fe8Cr2o 

84 

0.00 

+0.05 

+0.1 

S47 

Ni7iFe8Cr2i 

84 

0.01 

+0.2 

+0.3 


^ Values taken from Ref. 10. 
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The values of Ro and R,M., are obtained from the slope and the intercept of the linear fit of the 
Hall resistivity data beyond saturation. The sign of both Rq and RjMs are positive for alloys S48, 
S4 1 , S47, and S50 whereas they are negative for S29. The values of Rq are found of the order of 
(2-5) X 10“'' QmT“' whereas those of R,,M., are in the range of (0.05 - 1.3) x 10“® f2m (see 
1 able 4.5 ). The absolute values of RsMj are found to be almost comparable with those of ph since 
the values of RoB, (at 1 testa) are more than two orders of magnitude smaller than those of RsM,. 
On the contrary, the electrical resistivity at 4.2 K is found to be almost three times greater than the 
Hall resistivity (see Table 4.5). According to the side-jump effect[37-39], this is quite expected in 
the present concentrated alloys. In Table 4 5, the values of R^Mj in the remaining alloys are taken 
from curlier reports[10]. The values of the extra-ordinary Hall conductivity {-yas = RsMj/p^) are 
calculated using the values of p 4 2 /c • 

4.2.3.2 Description of FAR using the split-band model 

Smit{7] and Van Elst[81 had shown long back that the FAR reaches a maximum of 20% in Niioo-®Fex 
and Niioo ..rCOx alloys with x ~ 18 which corresponds to almost the same 27.7 electrons per atom 
ratio. Later on, RJ9, 10, 23, 25, 27] and A, [34-36] were found to change their signs exactly at 
the same alloy composition (x = 18 at.%)[22, 27]. Later in ternary NiFeCu alloys, the line R, cx 
A., 0 was found to deviate a lot from the line of 27.7 electron / atom ratio. This was, however, 

interpreted in terms of the split-band (SB) model. The constituents (i.e., Ni, Fe, and Cr) of the 
present alloy series have their valence difference Z > 2. As result, they form their own distinct 3d 
subbands separated from each other on the energy scale (as in Fig. 1.6) where the bands of Ni will 
be at the bottom (since it is most attractive to electrons) while those of Cr will be at the top. The 
degeneracy between Fe 3d4. and Ni 3di bands (see Fig. 1 .6) will cross the Fermi level when the 
alloy compostitions, according to Eq. (1 .62), are related by 

3(7Fe + (10 + ^)C'cr = 0.55 
i.e., SCpe 4" OCor ~ 0.55, 


the valence difference ( Z ) between Cr and Ni being -4. 


(4.11) 

(4.12) 
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FIG. 4. 1 1. Ternary phase diagram for NiFeCr alloys. The alloys are represented by their sample 
designation. The numbers, given in the bracket after each sample designation, are the values of 
the FAR (in %) and jhs (in units of 10^ n~‘m“‘), respectively. The dashed lines are contours of 
constant FAR. The experimentally obtained 7//s=0 line (where the data for the solid line are taken 
from Ref. 10 and the dot-dashed line is the extended one from the present work, for details see 
Table 4.5) is shown along with the theoretically predicted straight line (according to the split-band 
model (Eq. (4.12)). The data for the experimental As=0 (solid) line are taken from Ref. 36. For 
the dotted line, see text. 
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'Fhe FAR is found to be much less than 1 % in the present alloys. It is interesting to note that 
the alloys with high Cr-content (i.e., 16 at.% or more) have almost zero FAR. This is consistent 
with the earlier data[ 8 ] of Van Elst. However, most of the studies, reported so far in support 
of the split-band model, have focussed on the alloys (NiFe, NiCo, NiFeCu[9] (all are fee), FeV, 
and FeCr[25] (all are bcc)) where a large FAR ((10 - 20) %) was observed. According to those, 
a maximum FAR (~ (10 - 20 )%) is expected when the point T of the 3d spin-down band of Ni 
approaches the Fermi level (Fig. 1.6). But this is not the case in the present 7 -NiFeCr alloys. In 
the ternary phase diagram (Fig. 4. 1 1), the constant FAR lines are plotted using the present values. 
The FAR is found to decrease with increasing Cr concentration. The maximum FAR is found to be 
in the region where the alloy NigoFeao lies. This is quite expected since the alloy 7 -Ni 8 oFe 2 o has an 
FAR of 18%, the maximum value reported so far for any bulk crystalline alloy[ 8 ]. This certainly 
itnplics that the addition of Cr smears the orbital degeneracy so that the average energy difference 
between the 3d branches in the vicinity of the Fermi level increases, which, in turn, destroys the 

FAR. 

Coming back to the Hall effect studies, the extended -jus = 0 line is drawn on the ternary 
phase diagram (Fig. 4.1 1) of the present NiFeCr alloys using their positive and negative values 
along with the theoretical line, predicted by the SB model (Eq.(4.12)). In Fig. 4.1 1, the alloys are 
represented by their sample designatioit(TaWe 4.5). The two numbers in the bracket, given after 
each sample designation, show the values of the FAR (in %) and 7^5 (in units of 10^ (flm) ‘) at 
4.2 K for the corresponding alloy. The experimental 7 ks= 0 line is found to lie much below the 
theoretical line as it was found in the earlier report[10]. The experimental line exhibits a curvature, 
instead of a straight line as predicted by the SB model (Eq.(4.12)). This curvature is found to be 
more pronounced in the high-Cr region of the phase diagram (Fig. 4.1 1). But the most important 
observation in the present study is that the ridges of the constant FAR lines are found to follow more 
or less exactly the experimental 7 hs= 0 line in the direction of increasing Cr concentration. This 
is consistent with the idea behind the SB model, but the experimental 7 hs= 0 line and the ridges 
of the constant FAR lines deviate a lot from where they are theoretically predicted. This is quite 
puzzling. In an earlier study[36], the experimental A.=0 line (shown in Fig. 4.1 1) also exhibited a 
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irvature in the ternary phase diagram for the present alloys. The probable reason for such a large 
iviation could be attributed to the concentration dependent values of (10+Z) (hereafter referred 
) as Zeff) in Eq.(4.12) which is taken as a constant (for the present NiFeCr alloys, Z^ff = 6 ) in 
le SB model. According to the Friedel’s VBS model[40], the average number of Bohr magneton 
er atom for the present alloys should follow a similar kind of relation with impurity concentration 
i.e., M in the alloy NiFeM; Eq.(4. 12)) and can be written as 

Hav ~ f^matiix (lO-b Z^C 

= QM+lCpe- Zeff. (4.13) 

Earlier, the values of Zeff, calculated from the dc-magnetisation data[18], were obtained in the 
ange of 3.0 - 4.2 which is smaller than the expected value of 6. In addition, Zeff is found to 
36 highly concentration dependent. Substituting the values of Zeff in Eq.(4.12), the modified 
heoretical line for R 3 =As =0 comes much closer to the experimental As=0 line (still far away from 
the experimental R4=0 line) with a small curvature in the Cr-rich region[10] (see dotted line in 
the ternary phase diagram (Fig. 4.11). In addition, an earlier neutron diffraction study[41] had 
shown that the presence of Fe in Ni matrix (i.e., in NiFe alloys) does not influence the moment 
on the nearby Ni atoms. The moments at the Ni and the Fe sites are found to be 0.6 and (2.8 ± 
0.2) (in units of Bohr magneton ixb). On the other hand, Cr as impurity in Ni matrix introduces a 
large-spread magnetic moment disturbance[41] around Cr sites which is interpreted as an extended 
localised states in Ni alloys. The moment at the Cr site is found to be (0.7 db 1.1) (Xb- Hence 
the bands for the present Cr-rich NiFeCr alloys are not so completely split as they are assumed 
in the SB model[41]. This can be a plausible reason for such a large discrepancy between the 
experimental findings and the theoretical lines. Earlier studies in FeCr and FeV alloys[25] had 
pointed out similar discrepancy, but not as large as it is in the present ternary alloys. Intensive 
theoretical as well as experimental investigations are needed to resolve this. Nevertheless, for the 
first time, a complete study of FAR (< 1 %) along with the corresponding 7 // 5=0 and the earlier 
reported As=0 lines is presented here for any ternary NiFeM system. These compositions should 
lead to technologically important materials with very high initial permeability. 


Now we try to explore the plausible reasons for such small values of FAR in the present 7 - 


4.2 NiFeCr alloys 


141 


NiFcC, I, i. very i.„por,a„, u, p„l„, here ,ha, .he addi.ion of 2 a,.% of Cr i„ NiFe alloys 

.cdaees ,l,c FAR drastically al,„os, f.o,,, 18% ,i„ Ni,.,Fe,„) 0 . 75 ^, Ni„p,^,cr, (S35)) This 

IS consistent with the earlier reported va1ues[8J of 0 79 % in m; r- xr 

• / y /o in NiggCr, . Very recently, this has also 

been found in amoiphous alloys where FAR decreases u/itn ; • ^ 

aecreases with increasing Cr concentration[42, 43] 

In Table 4.5, the values of the FAR are listed where the rnaximnm; r 

uie maximum is found around 0.76% for S35 

while the minimum is less than 0.01% for S50 Tt i«: in k.. . j . 

noted here that the high resolution of 

the present data allows us to observe convincinglv FAR i .u « 

ngiy FAR of less than 0.1%. It is well known that 

the ferromagnetic anisotropy of resistivity is a manifestation of tn • u- • 

uidiiirestation of the spm-orbit interaction [9] and is 

usually expressed as 


FAR = {Aso/AEf + 


(4.14) 


where the dots indicate higher order terms, A„ is Ute spin-orbit parameter, and AE the enetgy 
difference between branches of the 3d band near the Femti level. Earlier dte coherent pomndal 
approximation caiculations[441 in Ni,„Fe,„ and Ni,oCr,„ alloys have shown or 0,56, 

(AE)f...», o: 0.52, ce -0.06, and (AE)^,_„, ~ 0,7 (all values ate in units of half 

the band width of the respective impurity). Here the signs f and T represent the spin-down and 
the spin-up bands, respectively. It is interesUng to see that the FAR is almost unaffected by the 
energy difference between spin-down bands of FeNi and CrNi (where Fe and Cr are impurities in 
Ni matrix), since (AE)l is almost the same in both the cases. On the contrary, the large energy 
difference in the spin-up bands for NiCr compared to that of NiFe alloy is found to be mostly 
re,spon.sible for such low values of the FAR. mL-m is found to be an order of magnitude greater 
than (AE)'p,_„;, which implies that addition of Cr in Ni matrix can effectively teduce the FAR 
by two orders of magnitude (see Eq.(4.l4)). This is in excellent agreement with the experimental 
values of less than 0.02 % in S41 (NiTs.sFegCrig 5) and the earlier observed value of 18 % in NigoFeig 
alloy. Hence, such small values of FAR in the present 7 -NiFeCr alloys are quite understandable. 


4.2.3.3 Description of FAR in the two-current conduction model 

In the two - current conduction band model[28, 29, 31], the FAR is given by Eq.(1.34). In the low 
- temperature limit p-fi ~ 0 (no mixing) and hence Eq.(1.34) reduces to 
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ABLE 4.6. Sample designation, alloy composition, values of resistivity for spin-down (p^) and 
3 in-up (pt) bands at 4.2 K, and their ratio a (= Pi/pt)- 

.Hoy 

No. 

Alloy 

Compositions 

Pi (4.2 K) 

(pQ-cm) 

Pt (4.2 K) 

(pQcm) 

a 

(=Pi/pt ) 

335 

Ni77Fe2iCr2 

86 

49 

1.77 

S9 

Nigs .sFenCrg 5 

95 

69 

1.38 

326 

NigoFei6Cr4 

118 

93 

1.26 

S32 

Ni69.5FC23Cr7 5 

130 

112 

1.16 

S28 

Ni75Fei7Crg 

129 

116 

1.11 

S29 

NiTsFeigCrn 

174 

166 

1.05 

S51 

Ni67Fe2iCri2 

178 

169 

1.05 

S33 

NifigFetT sCru.s 

180 

173 

1.04 

S40 

Ni73 sFen sCris 

178 

171 

1.04 

S42 

Ni7gFe6Cri6 

176 

166 

1.07 

S34 

Ni73Fei3Cr]4 

170 

159 

1.07 

S48 

Ni7oFei2Crig 

158 

155 

1.02 

S41 

Ni 73 sFegCrig 5 

164 

161 

1.02 

S50 

Ni72FegCr2o 

168 

168 

1.00 

S47 

Ni7iFegCr2i 

169 

167 

1.01 


FAR = 7[(0i/Pt) - 1) = 7(a - 1), (4.15) 

A'here a = pi/ p^ and 7 (~ 0.01) is a constant[29] independent of the scattering process. The TCC 
nodel is quite successful in explaining FAR in both crystalline[22, 28, 29] and amorphous[24] 
illoys. In strong ferromagnets[28, 29] like NiFe and NiCu alloys[29], the calculated values of FAR 
ire in very good agreement with experiments. 


It is interesting to note here that Eq.(4.15) provides an important criterion for determining 
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FIG. 4. 1 2. Plot of the FAR against the Cr concentration (in at.%). 

strong/weak itinerant-electron ferromagnetism in a given alloy. According to Stoner[45], a strong 
ferromagnet is considered to have one subband completely full while in a weak ferromagnet both 
spin-up and spin-down subbands are partially filled. In strong ferromagnets like Ni, the conduction 
process takes place mostly through the spin-down subband, which implies that the contribution to 
the resistivity comes mostly from p i (i.e., p 4, » p t) resulting in a » 1. Hence, a large FAR 
is expected in a strong ferromagnet. This is in good agreement with the large values of FAR in 
NiFe and NiCu. On the other hand, in a weak ferromagnet p f and p i are found to be almost 
comparable (i.e., a ~ 1) since both spin-up and spin-down subbands are available for conduction. 
As a result, its FAR will be very small (see Eq.(4.15)). Earlier, Kaul and Rosenberg[24] had 
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employed the above idea to amorphous (Fe-Ni) 8 oB 2 o (Fe-Ni)8()Pi4B2o alloys to describe their 
ferromagnetic state. This, however, contradicts the earlier high-field magnetic data[3 1 , 46]. Later 
on, Malozemoff[31] proposed a modified TCC model for describing FAR in both amorphous and 
concentrated crystalline alloys. The dc-magnetisation study[18] on the present alloy series has 
clearly shown a transition from strong to weak itinerant-electron ferromagnetism with increasing 
Cr concentration. In Table 4.5, one can find that the FAR values exhibit a sharp decrease with 
increasing Cr content. The plot for the FAR with Cr concentration is shown in Fig. 4.12, where 
the FAR is found to fall almost exponentially and becomes nearly zero beyond Ccr > 12 at.%. In 
order to get an estimate of p'*' and p^, the expressions for them are derived[24] from Eqs.( 1 .3 1) and 
(4.15) as 


P4 = Po[7"'(FAR) + 2] 

(4.16) 

Pt = Pi [7~‘(FAR) + l] ' • 

(4.17) 


The calculated values of p|, pi, and a for all the alloys at 4.2 K are shown in Table 4.6. It is to 
be noted here that instead of po, P 4 ik is used in the above calculations since, according to the 
electrical resistivity study (Chapter 3), the values of po and p 4 2 k are found to be almost the same. 
However, the difference, if any, falls within the error limits of the measurements of the sample 
dimensions. In Table 4.6, the value of p^ is found to be two times greater than pf in low Cr-content 
alloys (e.g. S35). But as Cr concentration increases, they almost become comparable. It is very 
interesting to see that the value of a (= P 4 ./pt) comes out to be almost one in Cr-rich alloys (Ccr > 
12). This clearly indicates that with increasing Cr concentration the present NiFeCr alloys moves 
towards weak itinerant ferromagnetism in good agreement with the dc-magnetisation study[18]. 
This is probably the first time when the magnetic state of a crystalline Cr-rich ternary alloy series 
is correlated with the FAR using the TCC model. 
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Chapter 5 
Hall effect 


5.1 Introduction 

In this chapter, we have presented the temperature dependence of Hall effect in some NiFeCr 
alloys. Earlier, most of the studies[l-7] in crystalline as well as amorphous alloys were focussed 
on the concentration dependence of the Hall effect whereas not much attention has been paid to its 
temperature dependence. Recently some precise measurements of Hall effect have shown clearly 
in non-magnetic CuTi and CuZr amorphous alloys[8-10] that the ordinary Hall coefficient (Rq) 
decreases slowly with temperature. The dominant presence of electron - electron interaction effects 
(EEI) in the weak-localisation limit[ 1 1 ] is considered to be its cause. The electrical resistivity (p(T)) 
study in the present NiFeCr alloys (discussed earlier in Chapter 3) has also shown resistivity minima 
which have been interpreted by the electron - electron interaction (EEI) effects along with other 
conventional electron - magnon and electron - phonon scattering mechanisms. In addition, these 
alloys are all ferromagnetic in the temperature range below 50 K[12, 13]. As a result, pH below 
Tc will have contributions from both ordinary and extra-ordinary Hall terms (see Eq. (1.47)). 
The motivation behind the present work is to study the temperature dependence of the ordinary 
(OHC) and the extraordinary (EHC) Hall coefficients in NiFeCr crystalline ferromagnets showing 
resistivity minima. 
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TABLE 5.1. Sample designation with their composition, ferromagnetic Curie temperature (Tc), 

T„„„ , value of resistivity at 1 .2 K (pi ik), depth of minimum, Ap/psooK (Ap = paoojr - Pmm) along 

with values of Hall resistivity (p//) beyond saturation (at 1 T), RsM,, R^, and Rq at 1 .4 K. 

Sample No. 

Alloy composition 

S29 

NbsFcnCria 

S48 

Ni7oFei2Crig 

S41 

Ni73 sFegCrig 5 

Tc (K) 

365 

179 

44 

T„„„ (K) 

14 

22 

27 

p, 2K ( 10-* am) 

89.6 

71.8 

76.0 

Depth of minima (%) 

0.10 

0.26 

0.37 

^plpm)K (%) 

4.9 

3.8 

3.2 

Pu ( 10 -“>am) 

-13.6 

4.9 

3.2 

R,M, (10-‘°am) 

-13.01 (± 0.03) 

4.80 (± 0.02) 

2.77 (± 0.01) 

RodO"” amT~‘) 

-5.5 (± 0.3) 

1.4 (± 0.1) 

4.2 (± 0.4) 

R,,(10-’ amT-') 

-2.66 (± 0.01) 

1.60 (± 0.01) 

2.34 (± 0.01) 


5.2 Results and discussion 

5.2.1 General description of the data 

The measurements are done till magnetic inductions of 1.4 T in Ni-rich 7 -Ni 75 Fei 3 Cri 2 (S29), 
Ni 7 oFe, 2 Cr ,8 (S48), and Ni 73 5 Fe 8 Cri 8.5 (S41) alloys at several temperatures in the range of (1.4 - 
80) K, ( 1 .4 - 1 86.3) K, and (1.4- 30.3) K, respectively. The ferromagnetic Curie temperatures (Tc) 
for S29, S48, and S41 alloys are at 365, 179, and 44 K, respectively. These alloys are substantially 
disordered with large residual resistivity (po ^ 100 pohm cm) and small ^p|pmK (< 5 % where 
Ap = p(290 K) - p(l .2 K)). The electrical resistivity study exhibits increase in p(T) with decreasing 
temperature below T„,„ (see Chapter 3). In Table 5.1. all the details of the alloy composition, T„ 

P, cr, depth of minimum (= and ApWr axe given. Typical Hall resistivity 

(p;,) VS magnetic induction data ate shown in Figs. 5.1, 5.2 and 5.3 for alloys S41, S48 and S29, 
respectively at some selected temperatums for better clarity. The absolute value of p„ beyond 
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saturation for all the three alloys exhibit a decrease with increasing temperature, pn is found to be 
positive for both S41 and S48 whereas it is negative for S29. The values of pjj beyond saturation at 
1.4 K are given in Table 5.1 where one finds that the magnitude of pu for alloy S29 is three to four 
times greater than those for alloys S48 and S41. The values of R^Mj and OHC (Rq) are obtained 
from the intercept and the slope, respectively of a linear fit of pn beyond saturation. Typical error 
in the values of R^Ms and Ro are given in Table 5. 1 . The sign of the OHC and R,,M, are found to 
be positive in both S48 and S41 whereas they are negative in S29. A negative OHC is generally 
expected in alloys of simple metals where the majority charge carriers are electrons. However, a 
positive OHC is found in pure Fe and some of its dilute alloys. This has been explained in terms 
of their band structure and the two-band model[14]. In recent times, some amorphous 3d alloys 
have shown positive OHC which is explained by the negative slope of the S-shaped dispersion (E 
vs. k) curves due to s-d hybridisation[15]. In s-d hybridisation, the OHC becomes positive when 
the Fermi energy (Ep) is located at the middle of the 3d band whereas it is negative when Ei? 
lies at the top. Berger had proposed a model, called the split-band model[5, 16], using which the 
sign of the EHC of binary and ternary Ni and Fe based alloys are explained successfully. In an 
earlier report[6], the sign reversal of the EHC (R^) in various compositions of the present Ni-rich 
7 -NiFeCr alloys has been discussed in terms of the split-band model. The Fermi level crossing 
some degeneracy at the top of the Ni 3d spin-down band[5, 6] is found responsible for the sign 
change in R*. In the ternary phase diagram of NiFeCr alloy s[6], one can easily find that the alloys 
with negative EHC have their Ep at the top of the 3d spin-down band. As the concentration of Fe 
and Cr increases the Fermi level goes down to the middle of the Ni 3d spin-down band resulting in 
a positive R^. The positive sign of EHC in S41 and S48 and the negative sign in S29 are consistent 
with the above[6] ternary phase diagram. 

Hereafter, we will consider only the absolute values of pu, RjMs, OHC, and EHC, unless their 
sign is specifically mentioned. It is very interesting to note from Table 5. 1 that beyond saturation 
at 1 .4 K are three orders of magnitude smaller than the residual resistivity (po) in all the alloys. The 
values of the OHC are found in the range of (1.4-5.5) x 10“" OmT“' and are of the same order 
as observed earlier in dilute crystalline FeCr and FeCo alloys[4]. The extra-ordinary term (RsMj) 
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FIG. 5.1. Plot of the Hall resistivity (p;;)for alloy S41 (NbjsFesCng 5 ) in magnetic inductions till 

1 .4 T at 1 .4, 4.2, 7.3, 20.2, and 30.3 K. 
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FIG. 5.2. Plot of the Hall resistivity (pjf) for alloy S48 (Ni 7 oFei 2 Cri 8 ) in magnetic inductions till 
1.4 Tat 1.4, 19.8,30.0,77.5, 125.3, and 186.3 K. 
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ABLE 5.2. Temperature of measurements along with the values of saturation of magnetisation, 
0, R^Mj, and for alloy S41 sFegCrig 5 )- 


Temperature of 

leasurements (K) 

M, 

(10~^ tesla) 

Ro 

(10-" LirnT-*) 

R,M, 

(10-'° Qm) 

R, 

(10-‘°OmT-') 

1.4 

11.83 

4.2 

2.77 

23.41 

3.2 

11.77 

4.5 

2.66 

22.60 

4.2 

11.72 

4.8 

2.62 

22.30 

5.0 

11.71 

4.6 

2.59 

22.10 

6.1 

11.67 

4.1 

2.56 

21.90 

7.3 

11.61 

4.2 

2.50 

21.50 

8.5 

11.55 

4.6 

2.46 

21.30 

8.9 

11.52 

4.6 

2.43 

21.10 

9.7 

11.47 

4.3 

2.42 

21.15 

10.1 

11.45 

5.5 

2.41 

21.07 

11.2 

11.37 

4.8 

2.38 

20.95 

12.2 

11.26 

5.8 

2.35 

20.87 

13.2 

11.17 

4.6 

2.33 

20.86 

14.3 

11.05 

5.1 

2.29 

20.72 

20.2 

10.26 

5.7 

2.08 

20.30 

25.6 

9.35 

4.7 

1.97 

21.05 

30.3 

8.38 

4.3 

1.85 

22.07 
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TABLE 5.3. Temperature of measurements along with the values of saturation of magnetisation, 
R(), RsM,, and Rj for alloy S48 (Ni 7 oFei 2 Crig). 


Temperature of 

measurements (K) 

i 

o 

Ro 

(10"" QmT->) 

RMs 

(io->oam) 

R. 

(10-*o amT-^) 

1.3 

29.93 

1.4 

4.80 ' 

16.04 

4.2 

29.87 

1.5 

4.68 

15.68 

6.2 

29.83 

1.7 

4.64 

15.55 

8.0 

29.78 

1.8 

4.58 

15.38 

•10.0 

29.72 

1.9 

4.56 

15.34 

14.2 

29.54 

2.4 

4.49 

15.20 

19.8 

29.23 

2.5 

4.41 

15.09 

25.3 

28.88 

2.7 

4.33 

14.99 

30.0 

28.85 

2.3 

4.32 

14.97 

36.2 

28.08 

3.1 

4.19 

14.92 

41.1 

27.67 

3.3 

4.12 

14.90 

61.1 

25.87 

3.2 

3.91 

15.10 

77.5 

20.56 

3.0 

3.44 

16.72 

100.5 

15.94 

2.7 

3.18 

19.95 

125.3 

12.83 

2.1 

2.73 

21.26 
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ABLE 5.4. Temperature of measurements along with the values of saturation of magnetisation, 


.0, R.,Ms, and for alloy S 29 (Ni75Fei3Cri2). 


Temperature of 

neasurements (K) 

M, 

(10“^ tesla) 

Ro 

(10-** OmT-*) 

RsM, 

(10-*o nm) 

R, 

(10-*° OmT-*) 

1.4 

48.86 

-5.5 

- 13.01 

- 26.63 

4.2 

48.71 

-5.4 

- 13.01 

-26.71 

7.5 

48.66 

-5.2 

- 13.00 

- 26.72 

10.0 

48.64 

-4.6 

- 13.03 

- 26.79 

12.5 

48.61 

-4.5 

- 13.02 

- 26.78 

15.6 

48.59 

-4.4 

- 13.03 

- 26.82 

18.1 

48.54 

-4.2 

- 13.02 

- 26.83 

20.2 

48.49 

-4.1 

- 13.00 

-26.81 

25.1 

48.43 

-4.6 

- 12.99 

- 26.82 

30.0 

48.28 

-5.1 

- 12.93 

- 26.78 

40.1 

47.92 

-5.2 

- 12.75 

-26.61 

81.1 

45.75 

-5.0 

- 11.99 

- 26.21 


5.2 Results and discussion 


157 


i.s found to be (1.85 - 2.77), (2.73 - 4.80), and (1 1.99 - 13.01) (all are in 10-'° Qm) for alloys 
S4 1 , S48, and S29, respectively. The values of the EHC (R^), evaluated from the above R^Ms, are 
obtained in the range of (14.90 - 26.83) x 10“'° which is two orders of magnitude greater 

tiian the OHC ones. The values of p/;, Ro, RjMs, and R^ for all the temperature of measurements 
are given in Table 5.2, 5.3 and 5.4 for alloys S41, S48, and S29, respectively. It is interesting to 
note that the present values of the EHC are an order of magnitude greater than those of the dilute 
ciystalline FeCr alloys[4] and nearly equal to those of the concentrated Ni-rich NiCu alloys[17]. 
However, they are an order of magnitude smaller compared to those of the amorphous 3d alloys[2, 

1 8]. Since R, » Ro, the Hall resistivity (p^) beyond saturation is almost equal to RiM», i-O- Ph 
~ R.,M,,. Hence, such a large extraordinary contribution to pn can certainly be attributed to the 
side-jump effect (see Eqs. (1.58) and (1.59)). 

5.2.2 Temperature dependence of Rq and Rg 

The temperature dependence of the OHC (Ro) is shown in Fig. 5.4 where it is found to be almost a 
constant. However, a small bump is observed around Tmtn which is not understood. On the other 
hand, the temperature dependence of the EHC (Rj) for S41, S48, and S29, shown in Fig. 5.5, 
exhibit minima at 20, 40, and 20 K, respectively which are of the same order as the Tmin of the 
resistivity (see Table 5.1). However, the decrease in R, till their minima are found around 1 1, 7, 
and 1 % for alloys S41 , S48, and S29, respectively which are quite large compared to the depth of 
the minima (see Table 5. 1 ) of their p(T). Recently large changes in Hall coefficient as compared to 
those of the electrical resistivity have been observed in some amorphous alloys[10, 19]. 

In conventional ferromagnetic crystalline metals and alloys[l, 17, 20], with increasing temper- 
atures p(T) is generally found to increase which, in turn, enhances the absolute value of the EHC 
(Eqs. (1.56) and (1.59)). As a result, with increasing temperatures the positive EHC becomes 
more positive (e.g., Fe) and the negative EHC more negative[20] (e.g., Ni). Here in Fig- 5.5. one 
finds that the temperature dependence of the positive EHC in alloys S41 and S48 are cons' 
with the minima of the data (see Figs. 3.8 and 3.9). On the contrary, the negative EHC in 
alloy S29 shows a behaviour exactly opposite to what is expected. As the resistivity increases 
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FIG. 5.4. Plot of the temperature dependence of the OHC (Rq) for alloys S48, S41, and S29. 
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FIG. 5.5. Plot of the temperature dependence of the EHC (R,) and their fits to Eq.(5.1) for alloys 
S41 and S48. For S29, see text. 
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i^BLE 5.5. Sample designation, parameters obtained from fitting to Eq.(5.1), and the calculated 
tlues of the coefficients of p(T) fit to Eq.(3.15). 







calculated values 


ample 

No. 

R° 

(10-^) 

amT-' 

mn 

(io-“) 

QmK-'/^T-' 

Bh 

(10-14) 

HmK-^T-' 

K 

(10^) 

(£2mT)- 

ITlp 

(10-5) 

' ^2m 

B 

(10-") 

iim 

S48 

1.6 

-3.3 

4.6 

3.2 

-7.4 

1.0 

S41 

2.5 

-14.6 

49.3 

4.4 

-22.2 

7.5 


jelow as well as above the negative EHC instead of becoming more negative on both sides 
3 f , it becomes less negative. In other words, Rs vs T plot of S29 should have been a mirror 
image about the temperature axis of S41 and S48. This is found to be rather puzzling. A similar 
b6haviour[20] had been observed in pure Co where the negative EHC shows a minimum at 80 K 
and finally it becomes positive at room temperature[20]. This can not be explained by the usual 
scattering mechanisms (R, = Kp”). Using the earlier interpretation of the p(T) data (p(T) ~ pa - 
mpVT + BT^; here we have neglected the phonon contribution), the temperature dependence of 
the EHC can be written as (assuming side-jump mechanism) 

R.{T) = K(f,(T)f 

^ R^g — mH^T + BijT^ (neglecting higher order terms), (5.1) 

where R° = Kpo, iuh = 2Kpomp, and B j/ = 2KpoB. Here the term R® = Kpg can be called the residual 
EHC which is solely dependent on the composition of the alloy. The data for the positive EHC give 
a very good fit to Eq.(5.1) in the temperature range of 1.4 - 40 K which can be seen from Fig.5.5. 
The values of the normalised (= l/NE!Li((raw), - (fit)i)2/(fit)^), obtained from the fittings, are 
of the order of 3 x 10“^ which is close to our experimental resolution. In Fig. 5.5, the best-fitted 
curves for alloys S41 and S48 are extrapolated to show deviations at higher temperatures. All the 
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details of the fitting parameters are given in Table 5.5. The values of R° for S48 and S41, obtained 
from the fittings, are coming as 1.6 and 2.5 (all are in 10”® i2mT”') respectively. The values of 
K (see Eq.(1.59)), calculated from R° using the zero-field residual resistivity (po), are coming an 
order of magnitude smaller than the theoretically predicted[3, 4] one (e; 5 x 10'^ (iimT)”’). Here 
it is to be noted that, with the assumption of short-range potential, K is derived to be a constant 
which is independent of the type of scattering centers including even phonons[3]. But in the dilute 
FeCr alloys[4], K is found to be an order of magnitude larger than the theoretical one. On the other 
hand, in the Ni-rich concentrated NiCu alloys[17] the values of K are obtained in the range of (8 x 
10^ - 1 X 10^) (£2mT)” ' depending on the temperature of fit. Hence a large deviation in the value 
of K is quite expected in highly concentrated alloys where the assumption of short-range potential 
does not hold good. Moreover, this is probably the first time when the value of K is extracted 
from the temperature dependence of the EHC of any concentrated crystalline alloy where the 
residual resistivity is an order of magnitude larger than the earlier reported values in conventional 
crystalline ferromagnetic alloys[l, 4, 14, 17]. However, the present values of K in alloys S48 and 
S4 1 are coming almost the same (see Table 5.5). On the contrary, the values of m^ (in the units of 
10”“ £2mK"'''^T"’) and Bh (in the units of lO"*'^ OmK'^T”’) are found to be 3.3 and 4.6, and, 
14.6 and 49.3 for alloys S48 and S41, respectively. The values of and B, calculated from the 
fitting parameters mp and B// of Eq.(5. 1 ), are found to be an order of magnitude higher than those 
obtained from the fitting of the p(T) data (in Chapter 3, Table 3.7). The large changes in R 4 (T) 
till their minima compared to those of p(T) is likely to be the main reason for such deviations. 
Moreover, this is not unexpected as these values are obtained from two different experiments and 
especially the Rs(T) data are extracted out of the very small Hall voltages. Thus the minima in the 
positive R,(T) can certainly be attributed indirectly (through p(T)) to the dominant presence of the 
EEI effects. On the other hand, as mentioned earlier, the minimum in the negative R^CT) for alloy 
S29 can not be similarly interpreted since it should have shown a maximum instead. However, the 
best-fitted line (which has no physical significance) through the experimental data is shown for S29 
in Fig. 5.5 only to demonstrate the minimum. None the less, this shows clearly that the dispersion 
in the present EHC (R,(T)) data is less than 0.5%. However, it is not possible to calculate Ay from 
Eq.(1.60) since the values of the Fermi wave vector is not available for the present alloys. To the 
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2St of our knowledge, this is the only report where such strong minima in the EHC are found for 
ny concentrated crystalline ferromagnet. 
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Chapter 6 

Conclusions and Scope for further work 


To conclude, the present thesis has covered detailed investigations of the low - temperature electri- 
cal resistivity and magnetoresistance in disordered crystalline Mn-rich CuMn and Ni-rich NiFeCr 
alloys, and the temperature dependence of Hall effect in some Ni-rich NiFeCr alloys. A few 
interesting but anomalous behaviours have emerged which, however, could not be explained by 
conventional theories. The effects under the weak - localisation limit which are expected only in 
substantially disordered alloys, are found to be the cause for some such anomalies. An attempt has 
been made to understand how the degree of disorder in these alloys affects the electron transport. 
Dominant physical mechanisms are identified and isolated very convincingly. Besides these, we 
have made a comprehensive study on the composition dependence of the ferromagnetic anisotropy 
of resistivity (FAR) in NiFeCr alloys and tried to understand them in terms of both the split - band 
and the two - current conduction models. The plausible reasons for the observed decrease in the 
values of the FAR with increasing Cr content have also been explored. Below we have summarised 
some of the important observations and conclusions of the present thesis. The scope for further 
work is spelt out at the end. 
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.1 Conclusions 

• Electrical resistivity 
1. CuMn alloys 

The electrical resistivity in concentrated 7 -Cuioo-iMna: alloys (x = 36, 60, 73, 76, and 83) 
is measured between 1.2 and 30 K. In this temperature range, the alloys with x = 36, 60, 
and 73 are cluster glasses while those with x = 76 and 83 show mixed cluster-glass and 
long-range antiferromagnetic pha.se. The present alloys are all substitutionally disordered 
with large residual resistivity ((93 - 196) ixClcm). The p(T) data exhibit distinct resistivity 
minima for all the alloys at T,„in lying between 2.5 and 24.5 K. One of the most interesting 
observations in the present study is the linear correlation between the resistivity and the 
depth of the minima (DOM) as well as the T,„in of the alloys, which shows that increasing 
value of the resistivity shifts Tmtn to higher temperatures with larger DOM. On the other 
hand, the increasing value of the resistivity is a clear signature of an enhanced disorder in 
the alloys. Hence, in disordered alloys, it is quite natural to have resistivity minima at higher 
temperatures with larger DOM. This, in fact, is nothing but a manifestation of the Mooij 
correlation. 


Resistivity well below the minima (< Ttoi„/ 3) is found to follow a \/T type of dependence 
which has been interpreted in terms of the electron-electron (e-e) interaction effects in the 
weak localisation limit. Interestingly, in the temperature range 1.2 K < T < Tmm/3, the 
e-e interaction effects is found to have a dominant contribution to the resistivity while those 
from magnetic and phonon scattering are negligible. The values of m<r, calculated from 
the coefficient (mp) of VT term, come out to be in the range of ( 4.8 - 6 . 8 ) (QcmK‘^^)~‘. 
These are in good agreement with the near-universal value of 6 (ncmK’/^)“* . The diffusion 
constant D, calculated from mp, is found to lie betw^'^n (0.15 - 0.24) cmVsec. Also the 
.density of states at the Fermi level (N(Ef)), estimated from po, D, and mp, are in the range 
of (1.4 - 2.6) X 10^^ erg-'cm'^. These values agree very well with 2.2 x 10^^ erg~*cm~^, 
obtained from the early specific heat study. All the above facts provide a strong support to 
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the present interpretation of the data. 


In the higlier tcnipcralure range of T,„„,/3 < T < 30 K, besides the e-c interaction effects, 
magnetic contribution of the type and phonon contribution given by the standard Bloch 
- Griineissen relation have been observed. All these contributions are succesfully isolated 
from each other. It is also concluded that the contribution to the resistivity due to the 
spin diffusive modes in spin / cluster glasses is observed at low temperature (T < T//4) 
whereas (BT^ - type of magnetic contribution is found at much higher temperatures 

compared to This is the first report showing the simultaneous presence of the type 

of magnetic contribution alongwith that from the e-e interaction effects. It also reveals that 
both and (BT^ - (B, C > 0) terms can be observed in the same alloys in different 

temperature ranges. The above conclusions are found to be independent of the details of the 
magnetic state of the alloys. 

2. NiFeCr alloys 

Detailed electrical resitivity measurements in concentrated Ni-rich 7 - Niioo-i-yFeiCrj, (8 
< :r < 17.5, 8 < y < 21 ) chrome - permalloys have been made in the temperature range 
of 1 .2 < T <290 K. The alloys with low Cr - content (< 15 at.%) are ferromagnetic while 
those with high Cr (> 18 at.%) show exotic low-temperature magnetic behaviour with Tc 
(ferromagnetic Curie temperature) and T; (spin - freezing temperature) below 60 and 20 
K, respectively. The resistivity data of all the alloys exhibit distinct minima lying between 
7 and 35.5 K. Above Tmm, the data show a positive temperature coefficient of resitivity. 
Unlike the CuMn alloys, no such correlation between the resistivity and the DOM as well as 
the Tn^^„ can be found, since the values of px.iK in the present alloys are almost the same. 
However, both the DOM and the T„,,„ are found to be strongly dependent on the total change 
in the resistivity between 1.2 K to 290 K (Ap/fhwK, where Ap = P 290 K - Pi 2 k)- This is 
quite interesting. According to the Mooij correlation, the alloys with positive TCR are more 
disordered when their TCR’s are very small (i.e., for p ~ 150 p.ncm, TCR ^ 0). This is 
exactly what is found here. The values of the DOM and the T^m are found to be nearly 
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constant lor Aij/i>m)k > 15 % whcicas they show a sharp rise for Ap/pmK < iO %. This 
indicates that for small positive TCR, the DOM and the T„„„ increase very fast showing the 
enhanced disorder in the alloys. 


In the high temperature region, the resistivity of S48 and the low Cr - content alloys (< 15 
at.%) shows a linear temperature dependence above 200 K whereas those for S4! and S47 
are linear from even 100 K upwards. This is explained in terms of the high temperature 
electron phonon scattering. On the other hand, the resistivity for alloy S50 shows a clear 
tendency towards saturation right from 40 K which, however, could not be explained by the 
parallel - resistor model. The theoretically - estimated value of the saturation resistvity (pj^t 
~ 1 63 juQcm) is found to be almost two times as large as P 29 qk- Hence to interpret the above 
behaviour in the present alloys, one has to do measurements at much higher temperatures. 
In the temperature range of 100 to 200 K, magnetic contribution (oc T^) along with the linear 
phonon term have been observed for S48 and the low-Cr alloys. Interestingly, the coefficient 
of the T^ term comes out to be of the order of 1 x 10"^ yuQcm which agrees very well 
with the theoretical value. This clearly shows that the magnetic contribution to the electrical 
resistivity arises due to the s-d and s-s scattering. This is the first study on any concentrated 
ternary system where a magnetic contribution (oc T^) is found so convincingly. 

At low temperatures, the resistivity well below minima (1.2 K <T< T,„i„/2) is described 
by the e-e interaction effects with a characteristic a/T dependence. A typical plot of the 
deviations between the raw and the fitted data {{praw - Pfit)/Pftt) against temperature for 
\/T and InT fits demonstrates the goodness of the a/T fit. The calculated values of m<r for 
low - Cr content alloys are found in the range of (5.6 - 7.5) (HcmK^/^)"' in good agreement 
with the near-universal value of 6 (QcmK‘/^)“‘, whereas those for high-Cr content alloys 
give higher values of m<j, viz, (13 - 22) (QcmK*/^)-’. On the other hand, the density of 
states at the Fermi level (N(Ei7), estimated from the coefficient of the a/T term, comes out 
to be in the range of (1.8 - 4.7) x 10^® erg”'cm~^ and (15 - 32) x 10^^ erg“’cm~^ for low 
and high-Cr content alloys, respectively. An earlier specific heat study shows that N{Ef) in 
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the present alloys are of the order of 15 x 10^^ erg 'em ^ which is again in good agreement 
with the present values, especially those for the high - Cr content alloys. This gives a strong 
support to the present interpretation of the resistivity minima. However, the above findings 
are found to be independent of the magnetic state of these alloys. In the temperature range 
2.T,i(,n, besidcs the e-e interaction effects, magnetic (oc T^) and phonon (oc 
T^) contributions have been distinctly identified as well as isolated. The plots of all these 
contributions vs temperature clearly show how the different competing physical phenomena 
are responsible for the resistivity minima. In addition to these, the residual resistivities for all 
the alloys are estimated using the two-current mddel and Matthiessen’s rule. The agreement 
with the experimental values is reasonable. 

• Magnetoresistance 
1. CuMn alloys 

High - field magnetoresistance in 7 -Cuioo-xMnx alloys (x = 36, 60, 73, 76, and 83) are 
measured till 7.5 T in both longitudinal (LMR) and transverse (TMR) orientations at 4.2 and 
at 4.2, 20.5, and 63 K, respectively. The data show positive magnetoresistance till 7.5 T 
in the Mn-rich (x > 60) alloys white an overall negative one in the alloy with x=36 at all 
temperatures. However, the data at 4.2 K in x=36 clearly demonstrate a positive magnetore- 
sistance till 3 T which becomes negative at higher fields. The resemblance of the TMR and 
the LMR data at 4.2 K in all the alloys can be taken as an indication for electron - electron 
interaction / localisation effects. The positive contribution to the magnetoresistance from the 
spin - orbit interaction in the weak - localisation limit is expected to be dominant only in the 
alloys of heavy elements (i.e., 4d or 5d series of elements). Hence, it is rather unphysical 
to consider the spin-orbit interaction as responsible for the positive magnetoresistance in the 
present CuMn alloys .where all the constituents are 3d metals. Moreover, from the electrical 
resistivity study, it is found that the present alloys have very low diffusion constant (D ~ 
0.2 X 10"^' m^ s“'), which, in turn, enhances the electron - electron interaction effects (EEI) 

((A/3/p)i„f oc \I\/D). Over and above, the resistivity studies have clearly established the pres- 
ence of EEI effects till ITmin. Hence the present positive magnetoresistance can certainly 
be attributed to the dominant presence of electron - electron interaction effects. In addition. 



70 


Conclusions and Scope for further work 


a negative magnetoresistance due to localisation effects has been included in the present 
interpretation. However, its contribution is calculated theoretically and found to be much 
smaller compared to that of the EEI effects. Besides these, a quadratic field dependence of 
the normal magnetoresistance (oc H^), however small it’s contribution may be, is considered 
for a complete description of the data. 

In both the high (4 to 7.5 T) and the low-field (0 to 1 T) limits, the dominant presence of 
EEI effects has been clearly identified. The data at 4.2 and 20.5 K for the Mn-rich (x > 
60) alloys fit very well to the combined EEI and localisation effects in the presence of the 
normal magnetoresistance term. However, 63 K is too high a temperature for observing 
the EEI / localisation effects and indeed the data fit only to the normal magnetoresistance 
terms rather well for x=60, 73, and 83. Interestingly, the data even at 63 K for alloys x=76 
show a good fit to the EEI/localisation and normal magnetoresistance terms in both the low 
and the high - field limits. This can be ascribed to the high value of its T^m (~ 24.5 K). 
The values of B, the coefficient of the \/H term (the combined EEI and localisation term 
in the high-field limit), are in good agreement with the theoretically calculated one. The 
coefficient (C) of the low-field limit of the combined EEI and localisation terms has been 
successfully isolated from the coefficient (Cjv) of the normal magnetoresistance term. The 
normal magnetoresistance, estimated from the fitting parameters, follows the Kohler’s rule 
for all the Mn-rich (x > 60) alloys. 

On the other hand, an overall negative magnetoresistance is quite expected in the alloy x=36 
since it is in the critical region of the magnetic phase diagram where a transition from the 
spin-glass (SG) to the cluster-glass (CG) phase is observed. Hence, a dominant negative 
magnetoresistance (- PcgH^) coming from the SG/CG effect is considered in the interpre- 
tation. The data at 4.2 K (where Ap/p is positive till 3 T) are described by the dominant 
EEI/localisation terms coupled with the normal magnetoresistance and the SG/CG terms. 
However, the data at 20.5 and 63 K fit only to the normal and the SG/CG terms since these 
temperatures are very high compared to T,„tn 2.5 K). The present interpretation of the 
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magnetoresistance in all the alloys is found to be consistent with that of the /o(T) data. This 
is the only study where such good qualitative as well as quantitative descriptions of the field 
dependence of dominant EEI effects are presented for any bulk crystalline alloy system along 
with localisation, cluster-glass and normal magnetoresistance effects. Moreover, the present 
study clearly demonstrates a transition of magnetoresistance from negative to positive values 
as the alloy compositions change from the SG to the CG regime. 

2. NiFeCr alloys 

Magnetoresistance in both longitudinal and transverse orientations are measured in some 
fifteen different compositions of Ni - rich 7 - Niioo-a-yFCajCrj, (6 < x < 23; 2 < y < 21) 
permalloys at 4.2 K in magnetic inductions till 1.4 T. These alloys are all ferromagnetic at 
4.2 K. In the low Cr-content alloys (y < 18), the LMR is found to be positive while that of 
the TMR is negative. However, beyond technical saturation, the slope of both the LMR and 
the TMR data are found to be positive. This low-field anisotropy in the magnetoresistance 
arises from the inherent spin - orbit interaction present in a ferromagnet. Both the LMR and 
the TMR data beyond technical saturation and till 1.4 T have shown an dependence which 
is attributed to a dominant presence of the electron - electron interaction effects in the low - 
field limit. The contribution of the normal magnetoresistance to the present data is estimated 
to be negligibly small. On the other hand, in the high Cr-content alloys (y > 18), both the 
LMR and the TMR are found to be negative and nearly isotropic. This is quite puzzling. 
However, this may be ascribed to the dominant SG/CG contribution. To say something more 
conclusively, measurements have to be done at much higher fields and several temperatures. 

The ferromagnetic anisotropy of resistivity (FAR) for the present Niioo-x-yFcxCry (6 < x < 
23; 2 < y < 21 ) alloys are evaluated from the LMR and the TMR data. The FAR values in 
the present alloys are found to be very small. A maximum value of 0.76 % is found m the 
alloy Ni77Fe2iCr2 with 2 at.% of Cr. But as the Cr content increases, the value of the FAR 
decreases drastically and for Ni72Fe8Cr2o it becomes almost zero. The Hall resistivity till 
1 .4 T is measured at 4.2 K for Ni75Fei3Cri2, Ni7oFei2Cri8, Niii sFegCrig.s. Ni72Fe8Cr2o, and 
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Ni 7 iFe 8 Cr 2 i alloys. The experimental 7//.<f=0 line is plotted on the ternary phase diagram 
using the present Hall effect data and the earlier reported values of jus- The experimental 
line is found to deviate strongly from the theoretical line. In addition, the experimental line 
has shown a pronounced curvature in the Cr-rich (~ 20 at.%) region in contrast to the straight 
line predicted by the split-band model. On the same diagram, the nearly constant FAR lines 
are also drawn. The most important observation is that the ridges of the constant FAR lines 
are found to follow exactly the experimental 7irs=0 line. Also, the initial permeability (n) 
for these compositions should be very high making them useful as transformer core mate- 
rials. All these are in good agreement with the idea behind the SB model. However, the 
experimental 7 hs= 0 line and the line joining the ridges of the constant FAR lines are found 
to lie far away from where they are theoretically expected. This is quite interesting. One 
of the reasons for such a discrepancy is found to lie in the composition dependence of Zg// 
which, according to the split-band model, is a constant. Besides this, according to the earlier 
neutron diffraction data, a complete band splitting, as predicted by the split - band model, is 
quite unexpected for the present Cr-rich alloys and this might be another reason behind the 
above discrepancy. Intensive theoretical as well as experimental investigations are needed to 
resolve it. 

According to the coherent potential approximation calculations, there is a large energy 
difference between the spin-up bands of Cr and Ni. This may be responsible for such small 
values of FAR in the high Cr-content alloys. On the other hand, according to the two-current 
conduction model, the decrease in the FAR values with increasing Cr could be interpreted 
in terms of the alloys moving from strong to weak-itinerant ferromagnetism. This is in 
excellent agreement with the earlier dc-magnetisation data of the present alloys. Here, for 
the first time, detailed qualitative as well as quantitative description of such small FAR’s in 
high Cr-content alloys are interpreted more or less convincingly. 

• Hall effect 

Very precise Hall resistivity (p^) data are taken in magnetic inductions till 1 .4 T in ferromag- 
netic 7-Ni75FenCri2 (S29), Ni 7 oFei 2 Cri 8 (S48), and Ni 73 ^FesCris 5 (S41) alloys at several 



6.2 Scope for further work 


173 


temperatures which are well below the Curie temperatures of the respective alloys. The OHC 
(Ro) and R,M,, are found to be positive in alloys S48 and S41 whereas they are negative in 
alloy S29. The values of R, (EHC) ate coming two orders of magnitude larger than those 
of the OHC whereas the values of pu beyond saturation are found to be three orders of 
magnitude smaller than those of po. Hence the present large extra-ordinary contribution can 
be ascribed to the side-jump effect (R, oc p^). The electrical resistivity study in the present 
alloys has shown minima, i.e., p(T) decreases with increasing temperature till T^tn- There- 
fore, the temperature dependence of R^ is also expected to have a similar anomaly at low 
temperatures. The OHC is found to be almost temperature independent with a broad maxi- 
mum. On the other hand, the EHC, irrespective of their sign, has shown a strong temperature 
dependence with a minimum at around Irmn, much the same way as p(T). The behaviour 
of the positive EHC in alloys S41 and S48 is consistent with the resistivity minima which 
is explained convincingly by electron - electron interaction effects. On the other hand, the 
negative EHC in alloy S29 behaves exactly opposite to that theoretically expected (Ra(T) = - 
K(p(T))^). Instead of getting more negative, it becomes more positive below as well as above 
T,„„, . This is found to be quite puzzling and in noway can be interpreted by current theories. 
Nevertheless, this is the only study where such a strong negative temperature dependence of 
EHC has been observed in any concentrated crystalline ferromagnetic alloy. 

6.2 Scope for further work 


• In the present thesis, the interpretation of the electron - electron interaction (EEI) effects 
describing the electrical resistivity data is done convincingly in the temperature range 1.2 to 
1 0 K. However, the range is quite parrow. Also, the EEI effects are expected to become more 
dominant at lower temperatures below 1.2 K. Hence, the interpretation will be much more 
conclusive if the measurements are extended below 1.2 K. 


On the other side, the tendency towards resistivity saturation at high temperatures is found 
very cieariy in the high Cr-content (> 18 at.%) NiFeCr alloys which, however, can not be 
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analysed in the present temperature range till 290 K. It will be of interest if one does the 
measurements much above 290 K. 

• The detailed low - temperature magnetic state of high Cr-content (> 18 at.%) Ni-rich ferro- 
magnetic NiFeCr alloys is not at all known. The present study has clearly shown that, besides 
the ferromagnetic phase, there is a second transition at lower temperatures. It is, therefore, 
very essential to establish the low - temperature magnetic phases through dc - magnetisation, 
ac-susceptibility, and neutron diffraction studies. 

• The magnetoresistance study of CuMn alloys is done till 7.5 T at 4.2, 20.5, and 63 K where 
the data are interpreted in terms of the combined electron - electron interaction and localisa- 
tion effects. To make the interpretation more complete, it is very necessary to isolate these 
two effects from each other. This is possible only if measurements are extended to higher 
fields (> 10 T) and at various temperatures down to a few millikelvin. 

On the other hand, in NiFeCr alloys the magnetoresistance measurements were done till 1.4 
T and at 4.2 K only. The data in such a small field range and at only one temperature are very 
difficult to interpret satisfactorily, especially in terms of the electron - electron interaction 
or the quantum interference effects. Detailed investigations at various temperatures and in 
higher fields (> 10 T) are needed to arrive at more definite conclusions. 

• The ridges in the constant FAR lines at 4.2 K are found to follow exactly the experimental 
7 hs= 0 line in the ternary phase diagram of NiFeCr alloys. This is very much consistent with 
the idea behind the split - band model. However, the above experimental lines lie far away 
from the theoretically predicted one. This interesting behaviour needs further look from both 
theoretical (band structure) and experimental view points. 

• Earlier, in conventional ferromagnets, the temperature dependence of FAR was found to 
depend strongly on electron - impurity and electron - phonon scattering. Hence it will be 
interesting to study the temperature dependence of the FAR in the present disordered alloys 
where resistivity minima are observed. 
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• The temperature dependence of the Hall effect data in the present NiFeCr alloys has shown 
minima in R,(T), irrespective of their sign. The minima in the positive R(,(T) are interpreted 
quite satislactorily in terms of the resistivity minima. But the negative Rs(T) could not be 
explained by existing theories. To get a more complete picture of the effect of resistivity 
minima on Hall resistivity data, detailed investigations are needed on a large number of 
magnetic as well as non-magnetic alloys. 
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